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Abstract 
Global electrical energy demand is growing because of the increase in global population and 
changes in our lifestyle. The environmental contamination by burning fossil fuels and their 
limitation in availability push us towards renewable and green sources of energy. Thermal 
energy harvesting and the conversion to electricity can increase the efficiency of the process of 
electricity production by harvesting waste heat generated. Devices for harvesting thermal 
energy can also be applied on smaller scales, for example utilising body heat to power small 
electronic devices.  
Thermogalvanic cells (thermocells) are devices consisting of an electrolyte, two electrodes and 
a redox couple that are able to convert heat directly to electricity. These devices work based on 
the Seebeck effect, which is the effect of a temperature gradient on the redox electrochemical 
potential. Liquid electrolytes have been used extensively in thermocells due to their high 
mobility and good ion conductivity. However, despite these desirable properties, electrolytes 
can suffer from leakage, flammability, and evaporation of some liquids, which limits their 
application in devices.      
In this thesis, the solidification of liquid electrolytes containing cobalt or iron-based redox 
couples through the addition of nanoparticles or polymers was investigated. The addition of 
nanoparticles resulted in a leak-free quasi-solid electrolyte, without significantly affecting the 
Seebeck coefficient. However, a decrease in the diffusion coefficient of the redox couple and 
the thermocell power output was observed as a result of solidification of the electrolyte. 
Further, as the addition of nanoparticles to liquid electrolytes increases the thermal conductivity 
of electrolytes, with these electrolytes it was not possible to decrease the electrode separation 
in the cell in order to address the mass transport limitations.  
Subsequently, using the polymers polyvinylidene fluoride (PVDF) or poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP) for the gelation and solidification of liquid electrolytes 
containing a cobalt redox couple, leak free and free-standing electrolytes were prepared for 
thermal energy harvesting. Rheology measurements and thermal analysis were used to verify 
the gelation of the electrolyte and to measure the melting point of the gels. It was found that 
using polymers for the solidification of methoxypropionitrile (MPN)-based electrolytes does 
not significantly affect the Seebeck coefficient, while a decrease in redox couple diffusivity 
was again observed. In addition, solidification of the electrolytes led to a decrease in cell 
performance because of limited mass transfer. The mass transfer and finally the cell 
performance were improved by optimization of the concentration of redox couple and 
IX 
 
minimising the electrode separation. The result of this research was published as a research 
article in ChemSusChem. 
An ionic liquid was then used as the solvent for the electrolyte preparation and then was 
solidified through the addition of PVDF or PVDF-HFP. Gel and solid flexible film electrolytes 
were prepared to design safer thermocells. While the addition of polymers did not affect the 
Seebeck coefficient, a decrease in redox couple diffusivity was observed. The power output of 
the thermocell with a thin film electrolyte was around 50% of the liquid cell, but with the 
advantages of needing less electrolyte, negligible volatility and preventing leaking. Dynamic 
mechanical analysis, rheology measurements and thermal analysis were used to study the 
mechanical properties and thermal behaviour of the gel and film electrolytes. The results of 
this research was published as a research article in Sustainable Energy & Fuels. 
The solidification of aqueous and non-aqueous electrolytes containing cobalt-based redox 
couples with alternative counter ions, to change the solubility, was then studied using cellulose 
membranes. It was found that the Seebeck coefficient of the cobalt-based redox couple is 
strongly dependent on the type of solvent, while solidification of the electrolytes does not have 
a significant effect on the Seebeck coefficient. In addition, dissolving cobalt-based redox 
couples in non-aqueous electrolytes for the thermocell - either in liquid or solid form - produced 
a higher power than an aqueous electrolyte containing a cobalt-based redox couple.      
Finally, the effect of a range of solvents on the Seebeck coefficient and cell performance was 
studied. Cobalt and iron-based redox couples were dissolved in organic solvents, water and 
mixed solvent systems, then the Seebeck coefficient and cell performance were measured. 
While a high Seebeck coefficient for cobalt-based redox couples was observed in organic 
solvents (MPN, DMSO), using water as the solvent decreased the Seebeck coefficient. 
However, unlike the cobalt-based redox couples, dissolving an iron-based redox couple in 
water resulted in a higher Seebeck coefficient than in mixed water/organic solvent. The effect 
of solvent was investigated using impedance spectroscopy, FT-IR and UV-Vis techniques.   
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1 Introduction and literature review 
1.1 Introduction 
1.1.1 Thermal Energy Harvesting 
During the production and consumption of the energy, a huge amount of energy is 
wasted and released into the environment as heat, leading to a decrease in the efficiency 
of energy production.[1] Considering the limitation in the availability of fossil fuels and 
their environmental contamination, harvesting this wasted thermal energy as a clean 
and reliable energy resource is highly desirable and leads to the increasing efficiency 
of the process of electricity generation. In addition, body heat and other renewable and 
natural resources, such as sunlight and earth, are continually producing, releasing or 
storing thermal energy that may also be easily harvested. 
Different methods are presently being used to control or recover the wasted thermal 
energy. Cooling down machines in industrial systems, especially in powerhouses 
through cooling systems, is a common method to control this excess heat production. 
Harvesting this wasted energy can increase the overall efficiency of the energy 
conversion process. A combination of power generation and usable heat capture 
equipment, which is named Combined Heat and Power (CHP) technology, is one of the 
oldest effective and applicable methods used in the industrial sector to increase the 
output energy.[2] However, this method can only be used in industrial systems in which 
wasted heat is generated in large amounts and has a high temperature.  
Considering the limitation of old methods of thermal energy harvesting, development 
of an electrochemical method known as thermocell technology is a promising method 
for energy conversion.  
This thesis is focused on developing safe solid electrolytes for thermocell technologies 
for thermal energy harvesting. First, an overview of thermoelectric and thermocell 
technologies is given. Then, the literature on different electrolyte systems used for 
thermocells is reviewed. 
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1.1.2 Thermoelectric devices  
Thermoelectric devices are solid-state energy converters that are being used extensively 
in the conversion of thermal and electrical energy. These devices can be designed for 
thermal energy harvesting or cooling-heating applications. Conversion of the thermal 
energy to electrical energy is based on the Seebeck effect, while the opposite 
phenomenon is based on the Peltier effect.[3]  
Applying a temperature gradient between two ends of the semiconductor material yields 
a potential difference. This effect is known as the Seebeck effect.[4]  
V =Se. ΔT         Eq 1.1 
Where V is the potential difference, ΔT is temperature gradient, and Se is the Seebeck 
coefficient that shows the changes in potential as a function of temperature. 
The figure of merit (ZT), which expresses the efficiency of a thermoelectric device, can 
be calculated by inserting the electric conductivity (σ), Seebeck coefficient (Se) and 
thermal conductivity (κ) into the equation:[5] 
𝑍𝑇 =
𝜎𝑆𝑒
2
κ
           Eq 1.2 
The higher the electrical conductivity and Seebeck coefficient, the higher the efficiency 
expected, while lower thermal conductivity is needed for higher efficiency.   
While most semiconductor-based thermoelectric devices have ZT values in the 1.5-1.8 
range, the highest ZT with the value of 3 at 550 K was reported using a nanostructured 
thermoelectric material.[6] The measured Se of this material was 240 µV/K. The highest 
reported Se for thermoelectric devices is 850 μV/K, with a ZT value of 2.4 at 300 K,[7] 
which is lower than that of most thermoelectrochemical systems.   
Although conversion of energy without any emissions of greenhouse gases and having 
a solid state are advantages of semiconductor-based thermoelectric devices, their high 
cost, low Seebeck coefficient, relatively low efficiency and difficult production are 
limitations of this technology.  
1.1.3 Thermocells 
Thermoelectrochemical cells or thermogalvanic cells, commonly known as 
thermocells, are a kind of galvanic cell that can directly convert thermal energy to 
electricity without emission of any carbon dioxide.[8] Thermoelectrochemical cells 
mainly consist of an electrolyte, two electrodes and a redox couple (Figure 1.1). 
Charged redox ions that are soluble in the electrolyte act as the charge carrier moving 
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between two electrodes. Unlike thermoelectric devices, thermocells have shown higher 
Seebeck coefficients due to the large influence of temperature on the free energy change 
of the redox couple.  
 
Figure 1.1 Schematic of a thermocell device containing redox active aqueous electrolyte Fe(CN)63-/4- 
dissolved in water). 
The technology of thermocells relies on the effect of a temperature gradient on the 
reaction entropy and consequently the electrochemical behaviour of redox couples, 
discussed in more detail in the literature review. Changes in the reaction entropy result 
in the production of a potential difference between two electrodes across a device when 
a temperature gradient exists. 
In order to maintain the cell operation, the charged ions of the redox couple need to 
move from one electrode to the other electrode in the cell. This can be driven by three 
phenomena: diffusion, migration and convection. The electrolyte, as the container of 
the redox couple and as an environment in which charged ions are transferring, plays 
an important role in the cells by allowing ion conduction. On the other hand, in order 
to keep the temperature of electrodes constant and maximize the temperature gradient, 
the thermal conductivity of the cell and electrolyte must be as low as possible. 
Therefore, in a thermocell, an electrolyte with high ion conductivity and low thermal 
conductivity is desirable.  
Prior work in this area has primarily focused on water-based electrolytes, plus 
increasing interest in ionic liquid based electrolytes, as reviewed below. Non-
flammability and leak-free are other important factors which must be considered when 
choosing a functional electrolyte. Thus, the development of solid electrolytes for 
thermocells is highly desirable, and this is the focus of this thesis.  
The following literature review will concentrate on different electrolytes used for 
thermocells, after an overview of the thermoelectrochemical device.  
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1.2 Literature review 
1.2.1 Theoretical Background of Thermocells 
In thermocell technology, the reaction entropy and electrochemical behaviour of redox 
couples are being affected by the temperature gradient across the cell. It is believed that 
an entropy gradient due to the transport of entropy from the hot electrode to the cold 
electrode is the driving force of a thermocell. If we consider a thermogalvanic cell in 
which the reduction reaction is:  
A + ne → B                      Eq 1.3 
Then the change in the entropy (S) can be related to the potential difference at different 
temperatures by               
                                            𝑆𝑒 =  
ΔV
ΔT
=
ΔS
𝑛𝐹
                         Eq 1.4 
Where  
ΔV/ΔT shows the changes in the potential with changing the temperature, and is known 
as the Seebeck coefficient (Se). 
n = stoichiometric number of electrons involved in the reaction 
F = Faraday’s constant (96,485 C/equivalent) 
The entropy S is the sum of the partial molar entropy of the ions involved in the 
oxidation-reduction reaction, the Eastman entropy of transport (SE) and the transported 
entropy of electrons (Se
*):[9]  
S= SB
* + SEB - SA
* - SEA- Se
*                             Eq 1.5 
Where 
SB
* and SA
* = partial molar entropy of B and A ions respectively 
SEB and SEA = Eastman entropy of transport of B and A ions respectively 
Se
*= transported entropy of electrons 
The entropy and free energy difference between the products and reactants of the 
electrochemical reaction are affected by temperature. In an electrochemical cell with 
two electrodes at different temperatures, the temperature gradient across the cell leads 
to a change/rearrangement of the hydration (or solvation) shell around the ions, which 
affects the redox reaction entropy.  
The transported entropy of an electron (Se
*) can be neglected because of its low 
contribution to the total entropy change, which is about one percent of the 
thermogalvanic voltage.[9b, 9c] The Eastman entropy of transport (SE), which has a 
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negligible part in the total entropy change, is known as migration transport and occurs 
by the Soret effect, which is electrolyte migration as a result of thermal diffusion.[10] 
The Eastman entropy exists because of the interaction between redox ions and their 
hydration shell with the solution. In this case, the ion keeps and drags its hydration 
sheath with it across the cell during migration. The interaction between ions and their 
hydration shell with solvent causes a change in the entropy of two half cells. The partial 
molar entropy S* is considered only for redox couples, while the Eastman entropy SE 
can be considered for all the ions in the cell, even counter ions which do not undergo 
electrochemical reaction in the cell.[9c] Considering the low contribution of the Eastman 
entropy of transport (SE) and transported entropy of electrons (Se), the Seebeck 
coefficient can be more generally defined as the entropy difference between reactants 
and products of the redox reaction, which can be simply written as:  
S= SB
* - SA
*         Eq 1.6 
Thus, the potential difference between two electrodes, magnitude and sign of Seebeck 
coefficient (Se) depend on the entropy change of the redox reaction. In addition, the 
sign of reaction entropy and Se is related to the absolute charges of the oxidant and 
reductant species. A positive Se is produced when the oxidant has a larger absolute 
charge than the reductant, and vice versa.[11] 
1.2.2 Thermocell performance 
The figure of merit (ZT) is often used as a reference to evaluate the cell performance 
(Eq 1.2). As discussed before, the figure of merit is affected by the Seebeck coefficient, 
electronic (or ionic) conductivity and thermal conductivity. Using redox couples with 
high Seebeck coefficient in a thermocell can yield higher performance. Electrolytes 
with high ionic conductivity and low thermal conductivity are preferred in order to 
achieve a higher figure of merit.  
By connecting external load resistances (Rext) in the circuit, the potential difference 
between two electrodes can be measured using a potentiometer. Using Ohm’s law (Eq 
1.7) and the measured potential (E), the current (I) and power (P) can be calculated. 
I =
𝐸
𝑅𝑒𝑥𝑡
                     Eq 1.7 
P =  E. I =
𝐸2
𝑅𝑒𝑥𝑡
       Eq 1.8 
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The maximum power of the cell can be obtained when the external resistance of the cell 
is equal to the internal resistance (Rint= Rext). The maximum power can be calculated 
using the equation:     
  𝑃𝑚𝑎𝑥 =
EOC
2
4. 𝑅𝑖𝑛𝑡
 =
Se
2.ΔT2
4. 𝑅𝑖𝑛𝑡
        Eq 1.9 
Where Eoc is open circuit voltage, Rint and ΔT are internal resistance and temperature 
gradient respectively. Considering this equation, the higher the Seebeck coefficient and 
the higher temperature gradient between two electrodes lead to the higher power output.  
The resistance of the thermocell is attributed to three primary internal resistances, which 
are activation or charge transfer resistance, ohmic resistance (primarily due to the 
conductivity of the electrolyte and resistance of wires) and mass transport resistance.[12] 
Activation resistance is related to the electron transfer at the surface of the electrodes 
and can be decreased by improving the catalytic behaviour of the electrodes and 
increasing parameters such as reaction sites (electrode surface area), operating 
temperature and concentration of redox couple. Ohmic resistance is due to the series 
resistance related to the electrode and electrolyte. Mass transport in the thermocells 
occurs because of diffusion and convection. The convection process occurs by density 
gradients across the cell arising from the temperature gradient, while diffusion 
processes are due to the thermal gradient, concentration gradient and electrical 
potential. Any hindrance to diffusion and convection processes leads to a decrease in 
the reactant (redox couple) transportation and consequently an increase in the mass 
transport resistance, especially at high currents. By decreasing the electrode spacing 
between the two electrodes and increasing the operating temperature in the thermocell, 
both ohmic and mass transport overpotentials can be decreased.[12b]  
1.2.3 Electrolytes 
In order to maintain current across a thermocell, ions need to move easily between the 
two electrodes. The electrolyte plays an important role in the thermocell by allowing 
ion conduction. Different kinds of electrolytes have been used in electrochemical 
devices, but here the review is focused on the electrolytes that have been studied in 
thermocell investigations, and also those that have been used in combination with a 
redox couple, e.g. in dye-sensitised solar cells (DSSCs), as this is most relevant to this 
thesis. 
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In order to maintain thermocell operation, the redox couple needs to move from one 
electrode to the other one. As introduced above, this can be driven by three phenomena: 
diffusion, migration and convection. Liquid electrolytes, because of their low viscosity 
and highly mobile components, show high ion conductivity, which is highly 
advantageous for an electrolyte in electrochemical devices. Experimental and 
theoretical studies have shown that natural convection, by affecting the mass and heat 
transfer across the cell, plays an important role in the performance of a thermocell 
containing a liquid electrolyte.[12b, 13] In a liquid thermocell, having the hot electrode 
placed on top of the cold gives the lowest power and current because of the limited 
convection and consequently mass transport limitations.[8b] In contrast, in orientations 
where the cold electrode is above the hot one, or when the cell is in a horizontal 
orientation with two vertical electrodes, the heat convection leads to electrolyte mixing 
that increases the mass transport and improves cell performance (Figure 1.2). While 
mass transport in liquid electrolytes can be improved by convection, an increase of the 
thermal diffusivity is undesired in thermocells as it decreases the temperature gradient 
across the cell. Based on published analytical models and calculations, the power 
density of a thermocell can be increased by 8 times because of natural convection, 
showing the important role of natural convection in mass transfer.[14] 
 
 
 
 
 
 
 
 
 
Figure 1.2 Three configurations of the thermocell: a) hot-on-top (undesirable), b) horizontal (desirable) 
and c) cold-on-top (desirable). 
 
Different kinds of liquids have been used as the electrolyte in thermocells, which are 
briefly discussed here. In spite of the high ion conductivity and availability of liquid 
electrolytes, they have drawbacks such as high vapour pressure, low boiling point, high 
flammability, and leakage and environment pollution. These problems have pushed 
researchers to introduce different solid and leak-free electrolytes, which are much safer 
than liquids. Different strategies such as using ceramics, polymers and composites have 
been investigated to make a leak-free and safer electrolyte for electrochemical devices. 
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Using solid electrolytes in thermal energy harvesting has not been studied deeply and, 
as reviewed below, there are few publications on using solid electrolytes. 
1.2.3.1 Aqueous electrolytes 
Water, as a protic polar solvent with the ability to dissolve a variety of compounds, 
plays an important role in the development of thermocells. In addition, using water as 
a clean and non-hazardous solvent is better for the environment. These advantages, plus 
non-flammability, make it a desirable electrolyte for thermal energy harvesting. 
However, because of its low boiling point, it is not a good candidate for higher 
temperatures of thermal energy harvesting. 
Different redox couples in water have been used for conversion of thermal energy to 
electricity. Copper and iron salts are the most reported redox couples that have been 
extensively used in aqueous solutions.[15] Copper salts and metallic copper electrodes 
(CuX/ Cu) have been used as redox couples in aqueous thermocell systems.[13b, 16] In 
this system, copper wires act as active electrodes which are immersed in the aqueous 
electrolyte containing copper salt. The reported Seebeck coefficient for this redox 
couple at different concentrations is between 0.6-0.9 mV/K. In this type of the 
thermocell, while copper ions are deposited on the cathode, the metallic copper 
(electrode) undergoes oxidation and dissolves in the electrolyte. After oxidation of all 
the metallic cathode, this system stops working. In order to continuously produce 
electricity, the role of the electrodes needs to be changed periodically by reversing the 
temperature of the two electrodes. 
The use of a redox couple in which both species (reduced and oxidized) are soluble in 
the electrolyte results in a cell that does not need to have the role of electrode swapped 
periodically and, as a result, increases the performance time of the cell. 
Ferri/ferrocyanide (Fe(CN)6
3-/4-) is a redox couple that is relatively soluble in water, 
which has been investigated in different concentrations and with different inert 
electrodes.[12b, 17] Depending on the concentration of Fe(CN)6
3-/4- redox couple, the 
highest reported Seebeck coefficient for this couple in water is between -1.4 and - 1.77 
mV/K.[9d, 12b, 17b] Thermocells containing Fe(CN)6
3-/4- have been used to study the effect 
of electrode separation and cell configuration on the performance of the cell.[8b] In that 
study, the ohmic resistance had the dominant contribution to cell resistance and 
increased with the electrode separation, while activation overpotential had a negligible 
contribution. Mass transport resistance, which is controlled mostly by convection, was 
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affected by the cell configuration (e.g. if the electrodes were horizontal or vertical). 
However, note that the relative contributions of the different resistances will depend on 
the nature of the electrolyte and electrode used.  
The effect of Host-guest complexation on the Seebeck coefficient has been studied in 
the aqueous thermocell electrolytes.[18] It was found that addition of α-cyclodextrin to 
a liquid electrolyte containing triiodide ions increases the Seebeck coefficient through 
encapsulation of triiodide ions. This causes a concentration gradient of redox ions 
across the cell, and consequently affects the Seebeck coefficient.  
Recently, it has been claimed that a large Seebeck coefficient (-2.9 mV/K) for the 
potassium ferri/ferrocyanide redox couple can be achieved through the addition of 
organic solvents to the aqueous solution.[19] This high Seebeck coefficient was 
attributed to the entropy change of the redox couple as a result of rearrangement in 
solvation shell which surrounds Fe(CN)6
4-. Using FTIR and UV-Vis techniques, a 
change in the absorption spectrum of Fe(CN)6
4- was observed after addition of 20% of 
organic solvents, while no changes were observed for Fe(CN)6
3-. Considering these 
results, the authors believe that the addition of organic solvents to aqueous electrolytes 
leads to a rearrangement of the solvation shell that surrounds the ferrocyanide ion. This 
can increase the entropy change of the redox system, and consequently increase the 
Seebeck coefficient from -1.43 to -2.9 mV/K. However, we believe that there is the 
possibility of precipitate formation in these mixed electrolyte systems, and this should 
be taken into account when considering the Se values. 
1.2.3.2 Non-aqueous electrolytes 
Considering the melting and boiling point of water, the application of aqueous 
electrolytes for thermal energy harvesting is limited. Looking for electrolytes with 
wider operating temperatures encouraged researchers towards non-aqueous organic 
solvents. High boiling point organic solvents have been used in thermocells because 
they can operate at high temperatures and dissolve redox couples with organic ligands 
that are not soluble in water. 
Replacement of water by DMSO in the above-discussed metallic copper/copper 
sulphate system results in a higher Seebeck coefficient, because of the increase in the 
reaction entropy.[20] The Weaver research group has extensively studied the effect of 
solvent and ligands on the entropy of various redox reactions.[21] Using transition metal-
based redox couples with different ligands in aqueous and a variety of organic solvents, 
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they proposed that the reaction entropy of cationic redox couples is inversely dependent 
on the acceptor number of solvents. The cationic redox couple in DMSO, which has an 
acceptor number of 19.3, had higher entropy and Seebeck coefficient in comparison 
with water, which has an acceptor number of 55. However, this is only a tentative 
correlation and the exact relationship between different solvent parameters (e.g. 
acceptor number, donor number, polarity etc.) is still not well understood and is the 
focus of ongoing research.  
Copper redox couples containing different organic ligands, such as CuTAAB(NO3)2 / 
CuTAAB(NO3) or Cu(bpy)2Cl2 / Cu(bpy)2Cl in different aprotic organic solvents: 
acetonitrile (AN), dimethylformamide (DMF), DMSO and gamma-butyrolactone (γ-
BL) have been studied.[22] Results showed that the Seebeck coefficient is highly 
dependent on the solvent and ligands. For example, the measured Seebeck coefficient 
for CuTAAB(NO3)2 / CuTAAB(NO3) in γ-BL containing 1 M LiBF4 was 0.45 mV/K, 
while in the case of Cu(bpy)2Cl2 / Cu(bpy)2Cl in the same solvent increased to 4.17 
mV/K. The coefficients for CuTAAB(NO3)2 / CuTAAB(NO3) in DMF and AN were 
0.17 and 0.94 mV/K respectively.  
Bonetti and co-workers have observed that dissolved tetrabutylammonium salts in 
alcohols have a higher Seebeck coefficient in comparison to their aqueous solutions.[23] 
They studied different electrolytes prepared by dissolving tetradodecylammonium 
nitrate (TDAN), tetrabutyl ammonium nitrate (TBAN), and tetraoctylphosphonium 
bromide (TOPB) in 1-octanol, 1-dodecanol, and ethylene-glycol. The solution of 0.1 M 
TBAN in dodecanal had the highest Seebeck coefficient with a value of 7 mV/K. 
However, in spite of the large Seebeck coefficient, the figure of merit was lower than 
aqueous Fe(CN)6
3-/4- solutions.  
The observed high Seebeck coefficient but low performance may, we suggest, be 
related to a capacitive effect. The Seebeck coefficient, which is the potential difference 
between two electrodes, is the sum of the effects of oxidation-reduction reaction and 
ion movement. Changes in the rearrangement of ions and their interaction with the 
surface of electrodes due to the temperature gradient between two electrodes can lead 
to a potential difference between two electrodes which are at different temperatures. 
This effect is a known phenomenon in supercapacitors.[24] In a thermocell, however, a 
reduction-oxidation reaction is needed to obtain a high-performance cell, while the 
capacitive effect will be eliminated as soon as the cell starts operating. Cells such as the 
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above, that only have one half of the redox couple, will be unable to give an efficient 
thermocell performance.  
1.2.3.3 Molten salts 
Molten salts are a useful category of material that have been used as electrolytes in 
thermal energy harvesting. These materials are inorganic and ionic compounds which 
have a low melting point in comparison with typical inorganic salts, and after melting 
show high electrical conductivity because of their ionic structure. In addition, the wide 
electrochemical window and wide temperature range make them desirable electrolytes 
for electrochemical devices, especially in thermocell technologies.[15, 25] Different 
molten salt-based thermocells have been investigated and reported.[26] In this kind of 
thermocell, the electrolyte can be one- component, or a combination of inorganic salts 
with a low melting point, which is known as a eutectic melt electrolyte. 
The application of different one-component molten salts such as bismuth halides in 
thermal energy harvesting systems has been evaluated.[27] One of the most investigated 
molten salt thermocell is a silver-based system, which contains of two silver electrodes 
immersed in fused silver salt.[28] A variety of silver salts such as AgNO3, AgCl, AgBr, 
Ag2SO4 and AgI have been used as the electrolyte in the molten salt thermocells. This 
kind of molten salt thermocell has been used at high temperatures (230-657 oC) with 
the measured Seebeck coefficient of less than -0.5 mV/K.  
In 1969, a thermocell containing sodium amalgam as the electrodes working in a 
eutectic melt electrolyte was patented.[29] In this thermocell, the electrolyte is a ternary 
or quaternary system of the sodium salt. The ternary system contains three different 
sodium salts, NaI-NaCN-NaF with a melting point at around 477 oC, operating at high 
temperatures of between 470-510 oC and producing a maximum power density of 160 
mW/cm2. The addition of sodium carbonate to the ternary salt system results in a 
quaternary system with a melting point around 25-50 oC. The performance of the 
thermogalvanic cell using quaternary salt system was not reported in the publication. A 
LiCI-KCl eutectic system as the electrolyte in thermocells at a high temperature 
between 397-487 oC, with different lithium alloy electrodes such as Li-Si, Li-B and Li-
Al alloy has also been investigated.[30]  
Although molten salts are safe electrolytes to be used in a thermocell because of their 
high boiling points, their high melting points have limited their application to very high 
temperatures. In addition, most of these reported systems, especially the silver cell, are 
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not long lasting and in order to continuously produce electricity the temperature of the 
electrodes needs to be reversed (i.e. one electrode is consumed during operation of the 
cell, so the polarity of the electrodes need to be reversed to redeposit the active electrode 
material and allow continued operation). Dendrite formation on the electrode, similar 
to that seen for lithium batteries, is another drawback that can lead to a short circuit in 
the cell.  
1.2.3.4 Ionic liquids 
Ionic liquids (ILs) are materials composed of anions and cations, which are molten and 
in their liquid phase at relatively low temperatures (e.g. below 100 oC). ILs are typically 
composed of a bulky organic cation and an anion as a counter ion, which could be 
organic or inorganic (Figure 1.3). In contrast, the term “molten salts” is usually used 
for compounds with higher melting points. ILs, because of the high boiling point, non-
volatility, non-flammability and thermal stability, are interesting and promising 
solvents that have been extensively used in different fields of research such as 
chemistry, energy, biotechnology and electrochemical devices.[31]  
 
 
In order to improve the efficiency and applicability of energy devices dealing with 
production and storage of energy, there is a growing interest in using ILs. These 
materials have enormous potential to be used as the solvent and electrolyte in different 
Figure 1.3 Examples of ionic liquid ions. 
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electrochemical devices and technologies such as batteries, dye sensitised solar cells, 
supercapacitors, hydrogen generation by water splitting, carbon dioxide capture and 
separation, thermocells and fuel cells.[32]  
ILs, because of their ionic structure and strong ionic bonding, have low vapour pressure 
and high thermal stability, which makes them non-volatile. The handling of solvents 
with non-volatility is safer and easier than organic and aqueous solvents with low 
boiling points. This property also prevents evaporation of the solvent from devices, 
which can lead to drying or increasing the pressure and explosion. In addition, the non-
flammability of ILs can increase the safety of electrochemical devices. Electrochemical 
and thermal stability are the most attractive properties of ILs, which make them a 
candidate for use as electrolyte in electrochemical devices. In comparison with organic 
solvents, ILs can have wide potential windows exceeding 6 V. The ionic structure of 
these materials provides them with a relatively high ion conductivity, which is very 
desirable in battery technologies.[32a, 32d, 33] 
The thermocell technology relies on a temperature gradient between two electrodes. 
This means that the higher the temperature gradient, the higher potential can be 
produced using this technology. In addition, this technology is dealing with high 
temperatures, which must also be taken into consideration. Considering these points, 
choosing a safe and stable electrolyte which not only can be applied in high 
temperatures, to increase the potential difference between two electrodes, but also is 
non-flammable and non-volatile, has been one of the most challenging issues for 
researchers. Recently, ILs have been considered promising electrolytes in thermocells 
because of their properties such as high boiling point and non-flammability.  
The ionic structure of ILs can affect the Seebeck coefficient of redox couples because 
of the interaction of the IL ions with redox couple ions. The reaction entropies of some 
different redox couples in various ILs have been measured.[34] Changes in entropy (ΔS) 
for redox couples is believed to depend on the charges of the redox couple and the 
charge density of the IL ions. Thus, it has been suggested that ions with higher charge 
density have a stronger interaction with redox couples, which leads to increasing 
entropy change of the reaction.[34] Considering this effect, the higher entropy change 
for the [Fe(bpy)3]
2+/3+ couple in [C4mpyr][NTf2] in comparison to [C4mpyr][NPf2] can 
be explained by the higher charge density of [NTf2]
- in comparison with that of [NPf2]
-
.[34] However, the relationship between IL structure and the Se of a dissolved redox 
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couple is still poorly understood – for example, this proposed trend has not been clearly 
demonstrated with other redox couples or ionic liquids.  
The electrostatic interactions between charged redox couples and ions of ILs is an 
important factor determining the entropy change of the redox reaction. In 2009, the use 
of ILs as the electrolyte in the thermocells was reported, and the Seebeck coefficient 
and reaction entropy of some chromium and iron complexes in [C4mpyr][NTf2] were 
determined. The measured Seebeck coefficient and reaction entropies were dependent 
on the size and charge of the oxidant and reductant species of the redox couple. The 
Seebeck coefficient showed a linear dependence on (Z2ox−Z2red)/r, where (Z2ox−Z2red) 
and r, are the charge difference of the species and effective radius of the species, 
respectively.[11]  
 
  
Table 1.1 Values of Seebeck coefficient of two different redox couples in ILs. 
Electrolyte Redox couple Redox couple 
concentration (M) 
Seebeck coefficient 
(mV/K) 
Water 
 
I-/I3- 0.4 0.23 
 
Methoxypropionitrile 
I-/I3- 
 
[Cobpy)3]2+/3+[NTf2]2/3 
0.4 
 
0.01 
 
0.34 
 
2.19 
 
[C2mim][BF4] 
 
I-/I3- 0.4 0.26 
[P4,4,4,6][NTf2] 
 
I-/I3- 0.4 0.17 
 
[C2mim][NTf2] 
I-/I3- 
 
[Co(bpy)3]2+/3+[NTf2]2/3 
0.4 
 
0.01 
 
0.154 
 
1.64 
 
 
[C4mpyr][NTf2] 
I-/I3- 
 
[Co(bpy)3]2+/3+[NTf2]2/3 
0.4 
 
0.01 
0.06 
 
1.56 
 
 
[C2mim][B(CN)4] 
I-/I3- 
 
[Co(bpy)3]2+/3+[NTf2]2/3 
0.4 
 
0.01 
 
0.94 
 
1.55 
 
[P2,2,2,(101)][NTf2] 
 
I-/I3- 0.4 0.03 
[C2mim][eFAP] [Co(bpy)3]2+/3+[NTf2]2/3 0.01 
 
1.88 
 
[C4mim][BF4] 
 
[Co(bpy)3]2+/3+[NTf2]2/3 0.01 1.40 
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Figure 1.4 Chemical structure of [Co(bpy)3][NTf2]2/3 redox couple. 
Abraham and co-workers (i.e. prior work in our group) studied IL-based thermocells in 
more detail (Table 1.1). They measured the Seebeck coefficient of the I3
-/I- redox couple 
in different ILs, and found that the potential difference between two electrodes can be 
dependent on the nature of both the cations and anions of the ILs.[35] Using 
[Co(bpy)3][NTf2]2/3 redox couple (Figure 1.4) in different ILs, this research investigated 
the effect of the nature of the cations and anions of ILs on the entropy and Seebeck 
coefficient. They observed that reaction entropy and consequently Seebeck coefficient 
are dependent on both anion and cation of the ILs, showing that both cation and anion 
are playing role in the solvent reorganization. Based on their observation, cobalt redox 
couple in ILs with the 1-ethyl-3-methylimidazolium cation and [eFAP]- anion has 
higher Seebeck coefficient.[36] As ILs were used, rather than water, they not only 
achieved a high Seebeck coefficient (1.5- 2.2 mV/K) but were also able to increase the 
temperature of the hot electrode to 130 oC, achieving high power densities of around 
0.5 W/m2.  
Abraham and co-workers also investigated the application of protic IL electrolytes in 
thermoelectrochemical device for the first time. In this research, Fe(CN)6
3-/4- as the 
redox couple was dissolved in a mixture of [choline][H2PO4] and water in different 
ratios for use as the electrolyte in a thermocell equipped with single-walled carbon 
nanotube (SWNT) coated electrodes.[37] Although a higher Seebeck coefficient for 
Fe(CN)6
3-/4- redox couple was observed in the presence of IL than that in pure water, 
the power output of thermocell with IL-based electrolyte was less than that with 
aqueous electrolyte due to the mass transport limitations in the less fluid IL-based 
system. 
Despite all the benefits of using ILs as electrolytes, they are viscous liquids with low 
diffusion and mass transport limitations. To overcome this problem, mixing ILs with 
high boiling molecular solvent was suggested.[38] Addition of organic solvents such as 
DMSO to the ILs causes decreasing mass transport resistance. Whilst the conductivity 
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of neat organic solvents is less than that of mixed electrolytes and neat ILs, decreasing 
the viscosity as a result of the addition of organic solvent to the ILs leads to an increase 
of the diffusion, and decreasing charge transfer resistance. Mixing of IL and organic 
solvent gives an electrolyte with high charge carrier concentration and fluidity, which 
shows a significant enhancement in thermocell power density compared to the systems 
with a single solvent.  
Application of ILs with and without organic solvents was investigated in more detail 
through the addition of propylene carbonate to a range of different ionic liquids (Table 
1.2).[39] The results confirmed the increasing ion conductivity, diffusion coefficient, and 
the power and current density of the thermocell upon the addition of organic solvent. 
Moreover, measuring the Seebeck coefficient in different ILs showed a role of both the 
cation and the anion of the IL on the Seebeck coefficient. An increase in the Seebeck 
coefficient was observed after the addition of organic solvents to ILs. It is also worth 
mentioning that considering the low solubility of redox couples in some ILs, addition 
of organic solvents to ILs can improve the solubility of some redox couples in ILs. 
 
Table 1.2 Data for thermocells containing 0.01 M [Co(bpy)3][NTf2]2/3, Thot = 60 °C, Tcold = 30 °C. 
a Solid at RT 
 
 
Solvent 
Neat solvent IL: PC (1:1) 
Se 
(mV/K) 
Power 
density 
(mW/m2) 
Conductivity 
(mS/cm) 
Se 
(mV/K)        
Power density 
(mW/m2) 
Conductivity 
(mS/cm) 
 
[C4mim][MeSO3] 
 
 
N/Aa 
 
N/Aa 
 
N/Aa 
 
2.16 
 
3.33 
 
4.6 
[C2mim][MeSO3] 
 
2.13 0.67 3.7 2.14 6.02 11.0 
[C4mim][eFAP] 
 
1.69 0.94 2.8 1.88 7.98 8.1 
[C4mim][NTf2] 
 
1.54 2.04 3.7 1.76 7.78 11.1 
[C4dmim][NTf2]  
 
1.49 1.15 1.9 1.71 6.44 8.6 
[C4mim][BF4] 
 
1.32 0.34 3.9 1.57 3.91 10.4 
[C4dmim][OTf]  
 
N/Aa N/Aa N/Aa 1.64 4.88 7.2 
Propylene 
carbonate  
1.86 9.59 8.5    
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1.2.3.5 Inorganic solid electrolytes  
Using solid electrolytes in various kinds of thermocells has been studied since 1904 by 
different research groups.[40] Silver halides have been used as electrolytes for galvanic 
cells because of their large ionic conductivity. Weininger investigated the application 
of α- silver iodide as an electrolyte in a silver cell (Ag/α-AgI/Ag), and an iodine cell 
(I2/α-AgI/I2 ).[41] Alpha-silver iodide is a form of silver iodide with high stability in a 
vast range of temperatures (146-522 oC) and high ionic conductivity. In the silver cell, 
with two silver electrodes and α-AgI as the electrolyte, the silver at the anode (hot 
electrode) is oxidized to Ag+, and the resultant cations move to the cathode (cold 
electrode) through the solid electrolyte (α-AgI). Thus, this is another example of a 
thermocell design that cannot be run continuously as the electrode is consumed during 
the cell operation. The measured internal resistance of the cell and the Seebeck 
coefficient were 0.056 ohms and 0.56 mV/K respectively. One of the formidable 
obstacles in the silver cell was dendrite formation of silver at the cathode instead of 
depositing smoothly on the electrode, which negatively affects the function of the silver 
thermocell. In order to solve this problem, a mixture of AgI and porous ceramic disk 
(alumina) was used as an electrolyte. The results showed that using porous alumina can 
slow down the dendrite formation. In this condition, the cell’s lifetime and internal 
resistance were increased by a factor of 20 and 5, respectively. 
The iodine cell is a combination of a solid electrolyte (AgI) and iodine gas. Because of 
the oxidation of AgI on the cold side (anode), iodine and Ag+ are produced, which leads 
to increasing iodine pressure. Iodine and Ag+ ions move from the cold side (anode) to 
the hot side (cathode) and undergo reduction. The measured Seebeck coefficient for the 
iodine cell was 1.2 to 1.4 mV/K. This cell had an internal resistance of around 70 ohms. 
In 1969, the use of β-Al2O3 as a solid electrolyte and separator in a thermogalvanic cell 
was reported.[42] The designed thermocell had two zones with different temperature and 
pressure. In this thermocell, molten sodium in the zone with higher pressure and 
temperature (300-800 oC) loses an electron and oxidizes to the cation. The resultant 
ions, after passing through the alumina, which plays the role of the solid electrolyte or 
separator, reach the vacuumed zone with the lower temperature around 100 oC, and then 
reduce to the metallic sodium. The reported open circuit voltage between the two zones, 
for temperature gradients higher than 200 oC, was between 0.1 and 0.6 V. These kinds 
of thermogalvanic cells are mostly applicable at the high temperatures needed to melt 
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the sodium. Moreover, these devices cannot operate continuously because they 
consume one of the reagents. 
1.2.3.6 Polymer-based electrolytes  
Polymeric electrolytes as a promising class of solid compounds have been widely 
researched for energy devices. Their flexible structure, good stability and the 
availability of different methods for preparation of low-cost polymer compounds are all 
advantageous. These compounds are one of the most favourable electrolytes for Li 
batteries and DSSCs. Among energy devices, DSSC systems have more similarity with 
thermocell systems because of the application of redox couple-based electrolytes in 
both systems. Considering the extensive investigations on the application of polymers 
in DSSC systems, and the possible relevance to thermocells, below is a brief review on 
the publications focused on polymeric electrolytes in DSSC.  
a) Polymer-based electrolytes in dye-sensitized solar cells (DSSCs) 
The replacement of liquid electrolytes by solidified polymer-based electrolytes can be 
a suitable method to overcome the problems related to leakage and volatilization. 
However, low ion conductivity and not making effective contact with the electrodes are 
problems that have limited the application of solid polymers. Mixing solid polymers 
with liquids results in an interesting semi-solid state of material known as quasi-solid 
state or gel polymer electrolytes (GPEs), which can exhibit more desirable mechanical 
properties than liquids and higher ion conductivity than crystalline solids.[43] 
Introducing liquids to the polymeric compounds can often lead to decreasing the 
melting point, crystallization and glass transition temperature of the polymeric 
electrolytes. In this situation, liquids penetrate between polymers chains, decreasing the 
interaction between chains, which results in increasing the segmental mobility and 
creating a pathway for ionic conductivity.[43d, 44]  
One of the most feasible methods to prepare gel polymer electrolytes is the addition of 
polymers as a gelating agent to liquid solvents. This method has been used extensively 
in DSSC technology for solidification of different organic solvents.[45] To overcome the 
drawbacks of organic solvents (e.g. flammability and low boiling point), a new class of 
polymer composites has been prepared through mixing ionic liquids and polymers.[46] 
Sometimes referred to as “ion-gels”, these are a kind of gel polymer which are prepared 
by the addition of polymers to ionic liquids, especially imidazolium salts.[47] 
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Incorporation of polymers in ionic liquids can improve their physical properties while 
maintaining high ionic conductivity.   
Different kind of polymers has been used to prepare polymer gels. The incorporation 
of bio-polymers such as agarose and cellulose in ionic liquids have shown promising 
results in DSSC.[48] On the other hand, synthetic polymers such as polyvinylidene 
fluoride (PVDF), polyethylene oxide (PEO), poly(methylmethacrylate) (PMMA), 
polyethylene glycol (PEG), polyacrylonitrile (PAN), poly(vinylchloride) (PVC), and 
poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-HFP) have been used for 
electrolyte solidification because of their high thermal stability.[49]  
Swelling is another technique for utilizing polymers to prepare a leak-free electrolyte. 
In this method, the pre-formed polymer membrane is immersed in the liquid solution to 
absorb the electrolyte and hold it within the polymer structure, and then the polymer 
membrane is taken out of the solution.[50] Trapping the liquid electrolyte in the polymer 
matrix results in a polymeric gel with high ion conductivity due to the mobility of liquid 
through the polymer matrix. 
The most investigated redox couple in polymer-based electrolytes for DSSCs is I-/I3
-, 
because of its high solubility and diffusion. However, the recently introduced 
[Co(bpy)3]
2+/3+ redox couple has also given promising DSSC results.[51]  
Dissolving PVDF in a liquid electrolyte (MPN containing the cobalt redox couple) at 
120 oC gives a polymer gel with high ion conductivity.[52] Because of the high dielectric 
constant of PVDF, which encourages dissociation of the cobalt salt, the ion conductivity 
is increased. Surprisingly, polymerization of the electrolyte reportedly resulted in 
increasing the diffusion coefficient of [Co(bpy)3]
3+ to 4.10×10-6 cm2 s- in polymer 
matrix compared with 1.82×10-6 cm2 s-1 in the liquid. A decrease in the total internal 
resistance of the cell after polymerization of the electrolyte was also reported. 
The addition of 4-10 wt% of PVDF-HFP to acetonitrile containing [Co(bpy)3][NTf2]2/3 
has been used to achieve electrolyte polymerization.[53] In this case, as a result of 
polymerization after the addition of 4 and 10 percent PVDF-HFP, the diffusion 
coefficient of [Co(bpy)3]
3+ was decreased by 30 and 50 percent respectively.  
In order to increase the penetration of the polymeric electrolyte into the mesoporous of 
the DSSC photoanode and increase the contact between the electrode and electrolyte, 
in situ polymerization has been suggested. In situ photo polymerization of a mixture of 
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two different monomers dissolved in acetonitrile containing [Co(bpy)3][PF6]2/3 was 
introduced as a fast, easy method to prepare a polymer matrix in the DSSC.[54]  
b) Polymer-based electrolytes in thermocells 
The application of organic macromolecules in thermocells was reported in 1943 by 
using sawdust as an immobilizing agent.[55] In this patent, dissolved ferrous/ferric 
chloride in distilled water was used as redox couple, then mixed with chemically 
treated, pure and fine sawdust to get a paste as a leak-free electrolyte. The reported 
Seebeck coefficient for this cell was 5×10-4 mV/K. 
Use of an ion-exchange polymer as a solid electrolyte in a thermocell was reported in 
1958.[56] The reported polymer was Nepton CR-51, an ion exchange membrane which 
is a condensation polymer of phenolsulphonic acid and formaldehyde. The acidic 
hydrogen was replaced by copper ions through soaking the membrane in copper 
sulphate solution and then rinsing in distilled water. The polymer, with 0.07 cm 
thickness as a solid electrolyte containing copper ions, was put between two copper 
electrodes and then exposed to various controlled temperatures. The measured Seebeck 
coefficient was 0.63 mV/K, which was lower than that reported for a thermocell with 
aqueous copper sulphate electrolyte.  
In 1959, the application of sulfonated ion exchange polymers in thermocells was 
patented by Liebhafsky.[57] Soaking two different sulfonated resins, polystyrene 
sulfonic acid (PSSA) and phenolsulfonic acid-formaldehyde ion exchange resin, in an 
aqueous solution containing a metallic salt lead to substitution of the acidic hydrogen 
with the metallic cation. Using copper, silver and zinc substituted polymers with 
copper, silver and zinc electrodes respectively, all gave a Seebeck coefficient of ca. 0.5 
mV/K. 
Recently, the application of Ag-substituted Nafion and PSSA in thermocells has been 
studied in more detail. [58] It has been observed that increasing the concentration of Ag 
ions leads to an increase of the Seebeck coefficient of Ag-PSS, reaching +5 mV/K, 
while the sign of Seebeck coefficient in the case of Nafion becomes negative with the 
value of -1.5 mV/K. The authors believe that this behaviour is due to ion migration and 
the Soret effect, not the chemical reaction and the entropy change of the reaction. Based 
on their suggestion, water diffuses through the percolated channels in the Ag-Nafion 
faster than silver ions, from the hot electrode to the cold one, which results in silver flux 
from cold to hot. While in Ag-PSS, due to the glassy polymer matrix, the diffusivity of 
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water is lower than silver ions which results in a positive Soret effect. This hypothesis 
has been supported by observing no correspondence of the voltage to the temperature 
gradient. It was observed that by increasing the temperature, the voltage increased 
slowly and takes time to be stabilized. In addition, the larger the distance between two 
electrodes, the more time was needed for stabilization of the voltage between two 
electrodes, confirming that thermodiffusion is the main factor affecting the Seebeck 
coefficient here. 
Different quantities of cellulose (2.5- 20 wt%) have been used to prepare insoluble 
cellulose-based matrixes in water, which were then immersed in aqueous K3/4Fe(CN)6 
redox electrolytes to get quasi-solid-state electrolytes.[59] The optimal cellulose 
concentration was determined to be 5 wt%, achieving an optimum balance of 
mechanical properties, Seebeck coeﬃcients and diﬀusion coeﬃcients. This yielded 
thermocell power density that was only 20% percent less than that of the liquid system. 
Application of cellulose gels in thermocell technology not only can address the leakage 
problem through solidification of the liquid electrolyte, but also decreases the thermal 
conductivity across the cell. It has been shown that using a cellulose sponge in a 
thermocell as a thermal separator can improve the cell performance through limiting 
the heat transfer and increasing the temperature gradient across the cell.[60] A higher 
power output was produced by increasing the concentration of redox couple and fixing 
a cellulose sponge in the cell. The power output of the cell was increased from 3.6 to 
5.4 W/m2 after increasing the concentration of Fe(CN)6
3-/4- redox ions from 0.4 M to 
0.9 M. This was achieved by using a K3Fe(CN)6/(NH4)4Fe(CN)6 redox couple that has 
higher solubility in water than the K3/4Fe(CN)6 redox couple. Using a cellulose sponge 
thermal separator in the cell increased the temperature gradient across the cell from 64 
oC to 86 oC, and as a result the power output was further increased from 5.4 to 10.6 
W/m2.  
Gelation of aqueous 0.1 M K3/4Fe(CN)6 has also been investigated using gelatine, agar 
agar (agarose) and poly(sodium acrylate).[61] By the addition of different quantities of 
these gelation agents, it was found that agar agar and poly(sodium acrylate) form 
effectively gelled electrolytes. The maximum reported power density of a thermocell 
containing agar agar gel or poly(sodium acrylate) gel was 0.12 or 0.5 mW/m2 
respectively, when ΔT = 20 (Thot = 35 oC and Tcold = 15 oC). The agar agar gel 
electrolyte, which had more robust mechanical properties, showed a lower current 
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density compared to the poly(sodium acrylate) gel due to the lower diffusion coefficient 
of the redox ions. 
Polyvinyl alcohol (PVA) has been used for gelation of aqueous electrolytes and 
designing a wearable thermocell device.[62] Two different iron-based redox couples 
(K3Fe(CN)6/ K4Fe(CN)6 and FeCl2/ FeCl3) with negative and positive Seebeck 
coefficient (-1.21 and 1.02 mV/K, respectively) were used to prepare aqueous 
electrolytes and then solidified using PVA. Using the two different gel electrolytes in a 
thermocell, and series connection of the two thermocells with the gel electrolytes 
(equivalent to n-type and p-type semiconductors in thermoelectric generators), a large 
potential difference (23 mV with a ΔT = 10 °C) was achieved.  
1.2.3.7 Nanoparticle-based electrolytes  
Recently, the addition of nanoparticles to liquid electrolytes has been considered to 
prepare solid and leak-free electrolytes in electrochemical devices. Nanoparticles with 
the high surface area can not only act as a filler to solidify the liquid electrolyte, but 
also because of their highly charged surface can improve the ionic conductivity of the 
electrolyte, which is one of the most important factors in electrochemical devices.[63] 
a) Nanoparticles in energy devices  
The addition of nanoparticles to liquids results in an interesting quasi-solid composite, 
which can improve the function of energy devices. These quasi-solid-state electrolytes, 
which are sometimes referred to as nanocomposite gel electrolytes, have been used in 
different electronic devices, especially Li ion batteries, solar cells, thermocells and 
capacitors. The addition of nanoparticles to a lithium salt-containing non-aqueous 
liquid electrolytes in volume fractions between 0.2 and 0.5 results in a nanocomposite 
that is known as a “soggy sand electrolyte”, with a high charge carrier concentration.[63-
64] It is believed that adsorption of the counter ions on the filler surface leads to 
increased ion dissociation and consequently higher lithium ion conductivity. The nature 
of the filler plays an important role in the ionic conductivity. Those fillers with basic 
behaviour, such as basic alumina, are able to adsorb cations and increase the anion 
conduction, while fillers with acidic behaviour such as TiO2, SiO2, and ZrO2 adsorb 
anions and increase the cation conduction. Use of soggy sand electrolytes in Li batteries 
has been studied and reported.[65] Lithium salts in a non-aqueous solvent with dispersed 
oxide nanoparticles show high conductivity, resulting from the anion adsorption on the 
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surface of acidic oxides (SiO2, TiO2) and dissociation of the LiX ion pairs. The 
concentration of the free cations (Li+) in the vicinity of the oxide increases and forms a 
space charge layer. In the high oxide content electrolytes, the space charge layers 
around the particles can overlap and form a pathway for Li+ ion transportation, which 
leads to enhancement in ion conductivity. However, it should be noted that there is an 
optimum volume fraction of nanoparticles, above which the particles are too close to 
each other and block the percolating pathways, which leads to a decrease in ion 
conductivity. The incorporation of nanoparticles to ILs and/or polymer-based 
electrolytes can enhance the long-term stability and ionic conductivity.[32b, 66] Most 
polymer-based electrolytes have low ionic conductivity due to their crystalline form. 
The addition of inorganic nanoparticles as a solid plasticizer to the polymer-based 
electrolytes has resulted in interesting materials, which are sometimes known as 
nanocomposite polymer electrolytes.[66b, 66c] The addition of nanoparticles to the 
polymers can cause a change from crystalline form to amorphous with higher segmental 
motion and consequently higher ion conductivity.[67]  
b) Nanoparticles in thermocells  
Nanoparticles have been considered by researchers for use in thermocell electrolytes 
because of their impressive effects in energy devices, especially as a gelating agent for 
electrolytes. In a patent published in 1983, Peck claimed that dispersing amorphous 
fumed silica powder as a gelator in aqueous solutions increased the power density of 
the thermocell.[16b] Based on that report, in a thermocell containing a copper salt with a 
temperature gradient of 45 oC, addition of 1 wt.% and 5 wt.% SiO2 leads to increasing 
the power density from 29 to 52 and 212 µW/cm2 respectively.  
The effect of silica as a gelating agent in a thermocell with 10 wt.% CuSO4 was 
investigated in more detail by Tester et al.[16a, 16c] The Seebeck coefficient and power 
density increased from 0.7 to 0.79 mV/K and 2 to 14.1 µW/cm2, respectively, after the 
addition of 7 wt% SiO2 to the thermocell operating with a temperature difference of 80 
oC. The addition of the nanoparticles also favourably affected the internal resistance, 
which decreased from 390 to 71 Ohms. This research group believed that the addition 
of silica powder to the electrolyte led to decreasing activation overpotential. Despite 
expecting a voltage drop at high currents due to the lower diffusivity of copper ions in 
the gel compared to the liquid, this was not observed, suggesting that mass transfer 
limitations did not affect the gelated cell.  
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Water-based electrolytes containing dispersed alumina nanoparticles with a mass 
fraction of 0.25% have been used as the electrolyte in thermocells.[68] The addition of 
alumina nanoparticles had no effect on the Seebeck coefficient of the redox couple. 
Introducing alumina nanoparticles to the K3/4Fe(CN)6 solution causes enhancement in 
the ionic conductivity because of the local percolation, while the increased viscosity as 
a result of the addition of nanoparticles decreases the Brownian motion and thermal 
conductivity.  
Finally, the addition of multiwall carbon nanotubes (MWCNTs) to imidazolium-based 
ILs has been studied, although the concentration used is not sufficient to cause gelation. 
The addition results in a decrease in the ohmic resistance of the solution. The increased 
dissociation of ion-pairs and increased diffusion of the IL anions occurs due to the 
adsorption of the imidazolium cations on the charged surface of the MWCNTs.[69] 
Using an IL containing [Co(bpy)3]
2+/3+ mixed with a low weight ratio of MWCNTs in 
the thermocell led to a decrease in the mass transfer resistance and enhancement in the 
power because of ion-pair dissociation.[70]  
1.3 Conclusion and gaps in knowledge 
While using thermocells for thermal energy harvesting can be considered promising, it 
has not yet been applicable in industrial and commercial sectors because of the low 
efficiency and safety issues. This technology can be dealing with elevated temperatures 
and the electrolyte is one of the main components in the thermocell, which needs to be 
not only non-flammable and safe for operating at higher temperatures but also be leak-
free and easily shaped for use in different device designs. 
Reviewing the literature, it can be seen that much of the research has focused on using 
liquid electrolytes in thermal energy harvesting. Although liquid electrolytes show 
reasonable performance, because of their high ionic conductivity, most of them are 
flammable or have a low boiling point. While using solid electrolytes can solve this 
problem, these kinds of electrolytes have not been investigated in depth in thermal 
energy harvesting and there are few publications available that report using solid 
electrolytes in this field of research. 
Previous research has used silica nanoparticle-based electrolytes in aqueous electrolytes 
containing copper or iron salts as redox couples, which in some cases resulted in 
promising results. However, those investigations have been limited to water-based 
electrolytes and redox couples with low Seebeck coefficient. The introduction of other 
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nanoparticles in water-based systems containing redox couples with high Seebeck 
coefficient or other solvents has not been studied. 
The polymer-based electrolytes that have been reported in thermocell systems are 
limited to synthesis via a swelling technique. While there are other techniques available 
for providing a variety of polymer gel electrolytes with high thermal stability, there is 
limited research in this area and therefore finding a suitable solid electrolyte for 
thermocells needs more investigation. 
In this thesis, the focus was on developing a solid-state electrolyte using nanoparticles 
or polymers as solidification agents. The effect of solidification on the Seebeck 
coefficient and diffusivity of different redox couples in a variety of solvents – both 
aqueous and ILs - was investigated. In addition, the thesis reports how the solidification 
of the electrolytes alters the different factors affecting thermocell device performance, 
such as mass transport resistance, charge transport and ohmic resistance. 
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 Fundamentals of Methods, Research Plan and Milestones 
In this chapter, firstly the research aim, research questions and research plan are explained, 
and then the fundamentals of several methods and experiments used in this thesis are briefly 
described. 
2.1 Research aim 
The aim of this research is to develop safe and solid state electrolytes for harvesting thermal 
energy using a thermocell. The solid state electrolytes that are focused on are nanoparticle-
based and polymer-based. 
2.2  Research questions 
The Seebeck coefficient and diffusion coefficient of the redox couple, and the performance of 
the thermocell device, are all influenced by the electrolyte. In order to develop a safe and 
applicable solid state electrolyte, the following research questions will be addressed:  
1- What is the effect of solidification of the electrolytes on the Seebeck coefficient of 
redox couples and what is the origin of this effect? 
2- How does solidification of the electrolytes affect the diffusion coefficient of the redox-
active ions? Is it possible to develop solid state (or quasi-solid) electrolytes through 
addition of nanoparticles or polymers to liquids that allow diffusion of the redox couple 
as fast as through the liquid? 
3- How does solidification of the electrolyte alter the different thermocell device 
performance parameters? 
2.3 Research plan 
In the first part of the research, nanoparticle-based electrolytes were prepared by addition of 
nanoparticles to water-based and ionic liquid-based electrolytes to make them solid and avoid 
leakage in the thermocell. The resulting solid electrolytes were used to study the effect of 
solidification on Seebeck coefficient, diffusion coefficient and cell performance. Two different 
groups of nanoparticle-based electrolytes were studied:  
1. Water-based electrolytes: Here, to investigate the water-based electrolytes, the 
K3/4Fe(CN)6 couple was used. This was chosen as it has a relatively high reported 
Seebeck coefficient. In this research, three different types of nanoparticles (Al2O3, TiO2 
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and ZnO) were used to investigate the solidification of aqueous solutions of Fe(CN)6
3-
/4-.  
2. IL-based electrolytes: The [Co(bpy)3][NTf2]2/3 redox couple, which in ionic liquids has 
shown a high Seebeck coefficient, was used in ionic liquid-based electrolytes. In 
addition to looking at the neat IL systems, the addition of nanoparticles to a mixture of 
organic solvent (e.g. DMSO) and IL was studied. This was to investigate the hypothesis 
that the increased diffusion rates achieved in the mixed IL/solvent system, compared to 
the neat IL, can be maintained upon formation of the quasi-solid state electrolytes.  
The second part of the research focused on the formation of polymer-based quasi-solid state 
electrolytes. For example, building on literature reports of the efficacy of polyvinylidene 
difluoride (PVDF) for gelation of MPN containing [Co(bpy)3][NTf2]2/3 for DSSC applications, 
the use of PVDF for solidification of the thermocell electrolyte was investigated. In this part, 
PVDF and PVDF-HFP was used for gelation of organic solvent-based electrolyte, IL-based 
and mixed organic solvent/IL.  
1. Organic solvent-based electrolyte: Prior research in the dye-sensitised solar cell 
(DSSC) field has shown that 1.5 -10 wt% polyvinylidene difluoride (PVDF) or 
poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP) can be used to gel 
[Co(bpy)3][NTf2]2/3 in MPN or acetonitrile.
[1] As prior research achieved a high 
Seebeck coefficient for [Co(bpy)3][NTf2]2/3 in MPN (2.19 mV/K),
[2] this was identified 
as the best redox system for developing into a quasi-solid state electrolyte. Here the 
effect of using PVDF and PVDF-HFP for solidification of this redox electrolyte and 
the influence of gelation on the Seebeck coefficient, diffusion coefficient and 
thermocell performance, is compared.  
 
2. IL-based electrolyte: For the work presented here, the 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([C2mim][NTf2]) was chosen as this provides among 
the higher power outputs of the different ILs tested to-date, and is widely available 
commercially. This was used in combination with polyvinylidene difluoride (PVDF) or 
poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP) to form the quasi-solid 
state electrolytes. For the preparation of polymer-based electrolytes, achieving good 
flexibility and miscibility between the IL and polymer is important, and it has been 
shown that PVDF and PVDF-HFP, in combination with [C2mim][NTf2], can form 
thermoreversible and free-standing membranes with a good mechanical properties.[3] 
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One of the challenges in developing a quasi-solid state electrolyte for Thermo-
electrochemical cells (TECs) is achieving the mechanical properties sufficient to 
prevent solvent leakage while also maintaining sufficient transport of the redox couple, 
which in this case is relatively large in size. This part of thesis investigates the efficacy 
of PVDF and PVDF-HFP for solidification of [Co(bpy)3][NTf2]2/3 in [C2mim][NTf2], 
and the effect of polymer content on the electrolyte mechanical properties, diffusion 
coefficient and Se.  
3. Mixed organic solvent/IL-based electrolyte: It has been shown that using a mixed 
system electrolyte in a thermocell, e.g. composed of 0.1 M [Co(bpy)3][NTf2]2/3 in a 
[C2mim][B(CN)4]/MPN mixture,
[4] gives a better performance than using the same redox 
couple in neat solvent or IL.[5] In this part of the thesis, a mixture of organic solvent 
(MPN) with ionic liquid ([C2mim][NTf2]) was used as the electrolyte, and then was 
gelled through addition of PVDF, and compared with MPN-based electrolytes. 
Then, a cellulose-based membrane that is not soluble in water was used to prepare leak free 
electrolytes. In this part of the thesis, iron and cobalt-based redox couples were used for the 
electrolyte preparation: 
1. K3/4Fe(CN)6 couple was used in the preparation of the aqueous electrolyte, then 
solidified using cellulose membrane. 
2. [Co(bpy)3][NTf2]2/3 and [Co(bpy)3]Cl2/3 redox couples were used to prepare electrolytes 
in organic solvent (MPN) and water, respectively. The prepared electrolytes were 
solidified using cellulose-based membrane. 
For these systems, the influence of solidification on the Seebeck coefficient, diffusion rate of 
the redox couple and cell performance was investigated.  
Finally, the effect of different solvents on the cell performance, Seebeck coefficient and 
diffusion coefficient of different redox couples in both liquid and solid electrolytes was 
investigated.  
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2.4 Experimental techniques 
2.4.1 Materials 
Potassium ferricyanide (K3Fe(CN)6.3H2O), potassium ferrocyanide (K4Fe(CN)6), 
tetraethylammonium tetrafluoroborate [Et4N][BF4], ammonium ferrocyanide (NH4)4Fe(CN)6 
and the three different types of commercially available nanoparticles Al2O3 (<50 nm, gamma 
phase), TiO2 (21 nm) and ZnO (<100 nm) were purchased from Sigma Aldrich and used as 
received. TiO2 in two other different particle sizes, 5 or 40 nm was purchased from US 
Research Nanomaterials, Inc. 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
[C2mim][NTf2] and 1-ethyl-3- methylimidazolium diethylphosphate were purchased from 
Merck and used without further purification.  
As described below, cobalt-based redox couples [Co(bpy)3][NTf2]2/[Co(bpy)3][NTf2]3 and 
[Co(bpy)3][BF4]2/[Co(bpy)3][BF4]3 were synthesised following previously published 
procedures.[2, 6] [Co(bpy)3]Cl2/[Co(bpy)3]Cl3  was synthesised by a slight modification of the 
reported procedures.[7] 
Tris(bipyridyl)cobalt(II) chloride, [Co(bpy)3]Cl2:  
CoCl2 (1 g, 4.2 mmol) and 2,2-bpyridyl (2.2 g, 14 mmol) were dissolved in 15 ml of methanol 
and refluxed for 2 hours. The solution was then cooled to room temperature and the precipitates 
were collected by filtration and washed with ethanol. The purity of the sample was confirmed 
by 1H NMR (500 MHz, D2O): δ (ppm) 88.72 (1H, br s), 85.20 (1H, br s), 46.37 t (1H, br s), 
14.55 d (1H, br s). 
Tris(bipyridyl)cobalt(II) chloride, [Co(bpy)3]Cl3:    
CoCl2 (1 g, 4.2 mmol) and 2,2-bpyridyl (2.2 g, 14 mmol) were added to 20 ml of water and 
heated for 2 hours, then cooled to room temperature. 8 ml of HCl (37%) was added to the 
solution, then 8 ml of H2O2 (30%) was added slowly to the solution, and the mixture was stirred 
for two hours, then heated at 50 °C for 3 hours. The mixture was cooled to room temperature, 
and then was concentrated using rotary evaporator. The viscous mixture was washed with 
acetone (3x30 ml). Finally 20 ml ethanol was added to the viscous oil to get a solid product 
which was isolated by filtration and washed with ethanol. The purity of sample was confirmed 
by 1H NMR (500 MHz, D2O): δ (ppm) 8.04 (1H, d, J=4.2 Hz), 8.08 (1H, t, J=8.6 Hz), 7.32 
(1H, t, J=7.1 Hz), 7.01 (1H, d, J=5.5 Hz). 
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Tris(bipyridyl)cobalt(II) bis(trifluoromethanesulfonyl) amide, [Co(bpy)3][NTf2]2: 
CoIICl2·6H2O (Sigma Aldrich) (238 mg, 1.0 mmol) and 2, 2′-bipyridyl (Sigma Aldrich) (515 
mg, 3.3 mmol) were dissolved in methanol and then the solution refluxed for two hours. After 
addition of lithium bis(trifluoromethanesulfonyl)amide (689 mg, 2.4 mmol) and stirring the 
solution at room temperature for one hour, the precipitated product was removed by filtration 
and washed with deionized water and dried under high vacuum. The purity of sample was 
confirmed by 1H NMR (500 MHz, (CD3)2CO): δ (ppm) 88.52 (1H, br s), 85.15 (1H, br s), 46.20 
t (1H, br s), 14.85 d (1H, br s). 
Tris(bipyridyl)cobalt(III) bis(trifluoromethanesulfonyl)amide, [Co(bpy)3][NTf2]3: 
Nitrosyl tetrafluoroborate (Sigma Aldrich) (140 mg, 1.2 mmol) was added to the dissolved 
CoII(bpy)3(NTf2)2 (1086 mg, 1.0 mmol) in acetonitrile, and stirred at room temperature for one 
hour. Then lithium bis(trifluoromethanesulfonyl)amide (1435 mg, 5.0 mmol) was added to the 
solution and stirred at room temperature. The precipitated product was removed by filtration. 
The filtered product was washed with deionized water and dried under high vacuum. The purity 
of sample was confirmed by 1H NMR (500 MHz, DMSO-d6) δ (ppm) 9.05 (1H, d, J=8.0 Hz), 
8.60 (1H, t, J=7.4 Hz), 7.80 (1H, t, J=7.4 Hz), 7.41 (1H, d, J=6.0 Hz). 
Tris(tetrabutylammonium) ferricyanide, (Et4N)3Fe(CN)6:  
This redox couple was synthesized by Dr Ruhamah Yunis using the following published 
procedures.[8] K3Fe(CN)6 (7.8115g, 24 mmol) and [Et4N]BF4 (15.0016g, 69 mmol) were added 
to a pre-dried flask, followed by addition of CH3OH (150 mL). The above solution was left to 
stir at 60 ºC overnight, when the colour changed from colourless to orange, and white solid of 
KBF4 started forming. The solution was filtered to remove insoluble KBF4 and K3Fe(CN)6. 
The organic solvent was removed in vacuo. The product was dissolved in acetone (200 mL) 
and filtered to remove soluble impurities (KBF4 and [Et4N]BF4. This step was repeated. The 
product was dissolved in hot CH3CN, cooled down ((Et4N)3Fe(CN)6 started forming 
precipitates) and filtered under argon and left to dry to get (Et4N)3Fe(CN)6 (11.01g, 79%). 
1H 
NMR (400 MHz, CD3OD): δ (ppm) 2.71 ppm (2H, q, J=7.0 Hz), 1.02 (2H ,tt, J=7.0 Hz, J= 2.0 
Hz). 13C NMR (100 MHz, CD3OD): δ (ppm) 52.90 (NCH2), 7.24 (NCH2CH3). 
2.4.2 Preparation of water-based electrolytes 
Aqueous solutions of 0.4 M ferri/ferrocyanide were prepared by dissolving equimolar amounts 
of K3Fe(CN)6 and K4Fe(CN)6 in distilled water. To prepare 100 mL of a 0.4 M solution, 0.04 
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moles of K3Fe(CN)6 (13.17 g) and 0.04 moles of K4Fe(CN)6.3H2O (16.89 g) were mixed 
together, then water was added to get 100 mL solution.  
To prepare highly concentrated aqueous electrolytes, ammonium hexacyanoferrate (II) hydrate 
((NH4)4Fe(CN)6) and potassium ferricyanide (III) (K3Fe(CN)6) were used. A saturated solution 
of ammonium hexacyanoferrate (II) hydrate and potassium ferricyanide (III) was prepared with 
the concentration of 0.92 M, by dissolving 1364 mg (4.6 mmol) of ammonium 
hexacyanoferrate (II) hydrate and 1580 mg (4.6 mmol) of potassium ferricyanide (III) in the 
minimum amount of deionized water, then the final volume was increased to 5 ml by addition 
of deionized water.   
2.4.3 Preparation of nanoparticle-based electrolytes 
To prepare nanoparticle-based electrolytes, nanoparticles were added to the ferri/ferrocyanide 
solution, and the mixture was sonicated for 30 minutes. For example to prepare a 0.5 wt ratio 
of alumina- based electrolyte, 1 g of Al2O3 was added to 2 g of 0.4 M ferri/ferrocyanide solution 
and sonicated for 30 minutes. 
2.4.4 Preparation of ionic liquid-based electrolytes 
A 0.05 M solution was prepared by dissolving equimolar amounts of [Co(bpy)3][NTf2]2 and 
[Co(bpy)3][NTf2]3 in [C2mim][NTf2] or in a mixture of DMSO/ [C2mim][NTf2] (3/1 v/v). To 
prepare 3 mL of a 0.05 M solution of [Co(bpy)3][NTf2]2/[Co(bpy)3][NTf2]3, 163 mg (0.15 
mmol) of [Co(bpy)3][NTf2]2 and 205 mg (0.15 mmol) of [Co(bpy)3][NTf2]3 were mixed 
together, then solvent ([C2mim][NTf2] or a mixture of DMSO/ [C2mim][NTf2] (3/1 v/v)) was 
added and sonicated to get 3 ml clear solution. 
Then, TiO2 nanoparticles were added in small aliquots and the mixture sonicated to get a solid 
electrolyte.  
2.4.5 The Seebeck coefficient measurement 
As discussed previously, the Seebeck coefficient, which is sometimes known as the 
temperature coefficient, is the potential difference between two electrodes arising from the 
effect of temperature gradient across the cell on the electrochemical potential of a redox couple. 
The change in reaction entropy of the redox reaction, because of temperature gradient, affects 
the electrochemical behaviour and leads to a potential difference.  
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In this thesis, the Seebeck coefficient was measured using a non-isothermal cell. In this method, 
the Seebeck coefficient was measured by measuring the potential difference between two 
electrodes at different temperatures that were in contact with the electrolyte held in two 
different cells joined by a salt bridge containing the same electrolyte. 
In order to measure the Seebeck coefficient of liquid or soft solid (paste-like) electrolytes, an 
H-tube setup and two platinum electrodes were used. The H-tube used was a glass with two 
vials connected together through a cross link which acts as a salt bridge. In this setup, the 
electrolyte was put in the H-tube and then platinum wires were immersed in the electrolyte. 
The temperature of one side (leg) of the H-tube was increased using a heating foil connected 
to a Manson NP-9613 DC regulated power supply, and the temperature was measured by sensor 
that was connected to Novous NI020 temperature controller. The temperature of the other side 
(leg) was kept constant at room temperature by using a water bath (Figure 2.1). The potential 
difference was measured using a UNI-T UT803 TRMS bench voltameter. 
 
 
 
 
 
 
 
 
 
 
 
 
2.4.6 The thermoelectrochemical cell 
2.4.6.1 Device design: 
In order to measure the power and current output of the thermocell, and to study the effect of 
electrode separation on the cell performance, Teflon spacers with different thicknesses (10, 5, 
2.5 and 1 mm) were used (Figure 2.2). In thick cells (10, 5 and 2.5), two o-rings were used to 
seal the cell. In the 1 mm cell, a flexible o-ring was fixed in the cell to protect the electrolyte 
from drying (Figure 2.3). Copper foils were used to fix the electrodes and increase the contact 
of the electrodes with the heat sources.  
Figure 2.1 Setup for Seebeck coefficient measurement of solid-state electrolytes. 
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In the case of solid thin films, a thin polystyrene spacer with a hole (0.9 mm diameter) in the 
centre and thickness of 0.2 mm was used. The thin film was sandwiched between two 
electrodes, and copper tape was used to fix the electrodes and make better contact with heat 
sources (Figure 2.4).  
 
Figure 2.4 Designed cell for thin IL-based solid film electrolyte. 
 
2.4.6.2 Thermocell measurement 
In order to evaluate the cell performance, a Teflon cell housing an electrolyte well with a 
diameter of 0.9 mm with specified electrode spacing (10, 5, 2.5 or 1 mm), equipped with two 
platinum disks, was used (Figure 2.5). The temperature of the cold electrode was kept constant 
using a TE Technology cold plate cooler CP- 031, while the temperature of other electrode was 
increased using a copper hot block connected to a Manson NP-9613 DC regulated power 
Figure 2.2 Teflon spacers with different thickness. 
Figure 2.3 Teflon spacer with the thickness of 1 mm. 
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supply. The temperatures were measured by sensors which were connected to Novous NI020 
temperature controllers. 
A Bio-Logic SP-200 and EC-Lab software were used to measure the open circuit voltage, and 
apply external resistance to get the current and power density. In order to ensure that real steady 
state cell performance was being achieved and maintained, for each applied resistance enough 
time was given to allow the voltage and power output to become constant.  
Extracting data from EC-Lab software, the current and power density was calculated by 
dividing power and current by the area of the electrode that is in contact with electrolyte.   
The maximum power is obtained when the external resistance is equal to the internal resistance. 
By plotting the power density as a function of the cell voltage, the highest power density was 
revealed. The resistance at this point is considered to be equivalent to the internal resistance of 
the cell. Each measurement was repeated at least three times with an uncertainty of less than ~ 
5% observed. 
 
 
Figure 2.5 Thermoelectrochemical cell setup. 
 
2.4.7 The diffusion coefficient measurement; cyclic voltammetry and chronoamperometery  
The diffusivity of ions in an electrolyte plays a key role in cell performance and is strongly 
affected by the physical properties of the electrolyte. During electrochemical measurements, 
the mass transport in an electrolyte is driven by three phenomena: diffusion (concentration 
gradient), migration (due to the potential field) and convection (stirring). In order to measure 
the diffusion coefficient under unstirred conditions, the contribution of migration and 
convection can be eliminated through addition of an inert supporting electrolyte (e.g. KCl).[9]  
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Considering the highly concentrated aqueous electrolyte used in this research (0.4 M potassium 
ferrocyanide/ ferricyanide) and the ionic structure of ionic liquid- based electrolytes, it can be 
assumed that the ionic conductivity of the electrolyte is high enough to minimize the migration 
effect and its effect during the chronoamperometry can be ignored, therefore no supported 
electrolyte was added. 
The diffusion coefficient was measured using chronoamperometry and calculated using the 
Cottrell equation [10] : 
       i= nFAC○D○π−1/2 t−1/2           Eq. 2.1 
Where: 
i= current (A) 
n = stoichiometric number of electrons involved in the reaction 
F = Faraday’s constant (96,485 C/equivalent) 
A = electrode area (cm2) 
C○ = concentration of electroactive species (mole/cm
3) 
D○ = diffusion constant for electroactive species (cm
2/s)        
t= time (s) 
This electrochemical technique is a three electrode system, in which the potential of the 
working electrode is kept constant while recording the faradic current response with respect to 
time. The current, which is diffusion controlled, decays linearly as a function of t−1/2. The 
diffusion coefficient (D) can be calculated from the slope (K) of this line, which is  
i = Kt−1/2                                                              Eq. 2.2 
K= nFAC○D○π−1/2                                                Eq. 2.3 
First, the reversibility of the redox couple was investigated by cyclic voltammetry. Cyclic 
voltammetry (CV) is a popular electrochemical method to study the electrochemical behaviour 
of a redox couple. In this method, using a three- electrode setup containing a working electrode 
(WE), a reference electrode (RE) and counter electrode (CE), a potential scan as a function of 
time is performed, while recording the current. This is a convenient and reliable method to see 
the stability and reversibility of redox couples.    
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A three-electrode cell with a platinum working electrode (1.6 mm diameter) and two platinum 
wires as counter and reference electrodes was used in a 0.4 M K3/4Fe(CN)6 aqueous solution to 
scan between -0.4 V and +0.4 V at a scan rate of 50 mV/s (Figure 2.6). 
The platinum wire used as reference electrode is known as pseudo reference electrode, which 
is inert during electrochemical measurements.[11] Using platinum metal for both working and 
reference electrodes, the cell potential at t= 0 is E= 0 V. At t= 0, both the reduced (Red) and 
oxidised (Ox) ions have the same concentration ([Fe(CN)6
4-] = [Fe(CN)6
3-]). So, considering 
the Nernst equation (Eq. 2.4) [12] the potential of both electrodes at t= 0 at standard temperature 
is E red/ox = E
°
red/ox. 
E red/ox = E
°
red/ox – RT/nF ln [Red]/[Ox]       Eq. 2.4 
As a result, both working and reference electrodes have same potential at t = 0. 
 
Figure 2.6 a) Diffusion coefficient measurement setup b) Cyclic voltammogram of 0.4 M K3/4Fe(CN)6 aqueous 
solution. 
 
For the diffusion coefficient measurement, a potential higher than the oxidative or reductive 
peak, at which the system is mass transport limited, was applied for 10 seconds and the current 
was recorded (Figure 2.7). The first few data points, which are affected by double layer 
charging, were discarded (termed non-Cottrellian behaviour), and data points after three 
seconds were used for the diffusion coefficient measurement. Using current-time data, and 
plotting current as a function of t−1/2, a linear plot resulted (Figure 2.8).[10] For both iron and 
cobalt-based electrolytes in either liquid or solid form, a linear plot was observed. 
The diffusion coefficient was then calculated by using this gradient value within the Cottrell 
equation (Eq. 2.1).   
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Figure 2.7 Chronoamperogram of oxidation of Fe(CN)64- in 0.4 M K3/4Fe(CN)6 aqueous solution. 
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Figure 2.8 Plot of the current as a function of t−1/2, for oxidation of Fe(CN)64- in 0.4 M K3/4Fe(CN)6 aqueous 
solution. 
 
2.4.8 Differential Scanning Calorimetry (DSC) 
In this technique, the amount of energy absorbed or released by a sample during heating or 
cooling is measured. Any changes in the heat flow because of changes in heat capacity of 
sample can be used to study the phase transitions in materials by change in temperature, and 
measure thermal parameters such as melting point, heat of fusion and glass transition 
temperature.[13]  
In this research, thermal measurements were performed using a Netzsch DSC 214 Polyma with 
liquid N2 cooling, driven by Proteus 70 software. Typically, 9-11 mg sample was sealed in Al 
pan and cooled at 10 oC/min, from room temperature to - 50 oC and after an isothermal 
equilibration time of 10 min, was heated to 140 oC at the same scan rate. 
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2.4.9 Mechanical characterisation (Rheology and Dynamic Mechanical Analysis) 
In order to develop a flexible device, the mechanical property of materials is very important 
and must be considered in electrolyte preparation. Oscillatory shear rheometer and dynamic 
mechanical analysis (DMA) methods are two common methods to study the mechanical 
property. Both methods have the same fundamental theory. Oscillatory shear rheometry is a 
good method for those materials that can flow and be sheared between surfaces, while DMA 
is used when a material does not flow and is strong enough and free standing.[14] Rheometers 
are designed to perform shear tests but DMA is designed to perform oscillatory tests such as 
bending, compression or tensile tests. 
In these methods, an oscillatory force at a set frequency is applied to a material, and the 
deformation of the material is measured. Imposed force (F) per unit area (A) of a sample is 
expressed as stress (τ or σ (pa) = F(N)/A(m2)), and the changes in the sample length after 
deformation is known as strain. To study the mechanical behaviour, a controlled stress or 
controlled strain can be applied to the sample. The response of the sample and changes in 
material is reported in stiffness and damping. Stiffness is expressed as modulus with an in-
phase and out of phase component. The in-phase component is known as storage modulus (E’ 
or G’) which is measure of the material’s elasticity, while the out of phase component is known 
as loss modulus (E or G) and is representative of the viscosity of sample. The ratio of the loss 
modulus to storage modulus is the tan delta, which is called damping, and represents the energy 
dissipation of sample. The mechanical property of materials can be studied by sweeping strain, 
frequency or temperature. 
2.4.9.1 Strain, frequency and temperature sweep  
Strain sweep gives information such as (i) where the structure begins to breakdown, (ii) where 
the linear viscoelastic region (LVR) is (LVR of the elastic modules can be used as a 
measurement of the stability of a sample's structure). 
The frequency sweep gives information about how time affects the sample. This is useful to 
understand if a gel sample keeps its leak-free property for a long time, or flows and behaves 
like a liquid.  
The temperature sweep gives information about how temperature affects the sample. By 
scanning the storage and loss modulus within a range of temperature, the deformation and 
changes in mechanical properties can be studied.  
43 
 
A strain-controlled rheometer (Discovery HR-3 rheometer, TA Instruments) with 40 mm plate-
plate geometry and 1000 μm gap was used to study of the rheological properties of the gels. 
Applying a frequency of 1 Hz at 25 °C, the strain sweep was performed in the range of 0.02 – 
100%. The frequency sweep was performed by applying a strain of 0.1% at 25 °C, in the range 
of 0.1 – 20 Hz. For the temperature sweep, values obtained from frequency and strain sweeps 
were applied. Applying a strain of 0.1% with the frequency of 1 Hz, the temperature sweep 
was carried out in the range of 25-70 °C, with a temperature step of 1 °C. 
2.4.9.2 Tensile test, Stress-strain mechanical measurements 
In stress-strain measurement in tensile mode, the sample is clamped in a frame, then a load is 
applied and the elongation is measured. The stress-strain curve gives information about the 
elasticity and deformation of the sample. Understanding the elasticity behaviour of the sample 
is useful in designing a stretchable and wearable device. 
Samples with dimensions of 15 mm × 10 mm × 0.22 mm were cut from the prepared film 
electrolytes. Using Tensile mode in the dynamic mechanical analyzer (DMA Q800, TA 
Instruments), stress-strain mechanical measurements were carried out at room temperature. 
Stress-strain mechanical measurements were carried out with 0.01 N preload force and a 
frequency of 1 Hz, within the strain range of 0.01 – 100% with the strain rate of 5% per minute.  
2.4.10 Thermal conductivity 
In a thermocell device, the higher the temperature gradient across the cell the higher the power 
output and efficiency results. The temperature gradient between two electrodes can be affected 
by thermal conductivity through the electrolyte and cell body. Thermal conductivity (κ), is the 
property of a material describing the transport of heat because of temperature gradients across 
the body of mass. The unit of thermal conductivity (κ), is watts per meter Kelvin (W/m K).[15]  
Thermal conductivity of the nanoparticle-based electrolytes was measured in Wollongong 
University by Professor Jun Chen, using C-THERM thermal conductivity analyser.  
2.4.11 Ionic conductivity 
Mass transfer and ion movement between two electrodes plays an important role in a 
thermocell, affecting the performance of cell. Ion conductivity measurement is a rapid method 
for determination of the ionic strength of electrolyte and can be measured using 
Electrochemical Impedance Spectroscopy (EIS).[16] In this electrochemical technique, a sine 
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wave frequency dependent potential is applied and the current is measured. The obtained data 
in EIS are represented in a Nyquist plot or Bode plot. In a Nyquist plot, the imaginary term 
(ZIm) which is representative of different resistances, is plotted versus the real term (ZRe) which 
is representative of the capacitance effect. Using a Nyquist plot, different resistances such as 
the solution resistance and charge transfer resistance can be obtained. 
In EIS technique, applying a bias voltage to make a small perturbation on the system, has been 
used to study the kinetics of electrochemical processes.[17] An applied potential has an effect 
on EIS, and increasing or decreasing the potential affects the reaction rate which in 
consequence affects the EIS parameters such as the charge transfer and the capacitance, while 
the solution resistance is independent of perturbation amplitude.[18]  
Equipment designed in-house, containing a sample vial and a dip cell equipped with two 
platinum wires as electrodes, was used to measure the EIS. A cartridge heater in a brass block 
connected to a Eurotherm 2240E temperature controller was used to set the temperature of the 
cell. The ion conductivity of the electrolytes was measured using a biologic MTZ 35 
potentiostat. The range of frequencies applied was 0.1 Hz to 1.0 MHz, and the potential wave 
amplitude was 10 mV. 
By measuring the solution resistance (R), the conductivity (σ) of electrolyte can be obtained 
using σ = G/R, where G is cell constant. To determine the cell constant (G = L/A, where L is 
the inter-electrode spacing and A is surface area of electrodes), a 0.01M solution of KCl in 
water with known conductivity (σ = 0.1413 S m-1 at 298 K) was used as the standard. 
2.4.12 Spectroscopy techniques 
Spectroscopy techniques are used to analyse and determine the structure of materials. In these 
techniques, valuable information can be found through studying the interaction between 
electromagnetic radiation and compounds, and analysing the amount of absorbed or emitted 
light. In absorption spectroscopy, the radiated photon is absorbed and changes the energy level 
of the molecule or atom.[19] Depending on the energy of photons, different types of transition 
can happen in a molecule. For instance, infrared irradiation can affect the chemical bonds and 
lead to a change in vibrational energy, while absorbing a low frequency photons of UV (200-
400 nm) and visible (400-700 nm) with higher energy can transfer a valence electron to a higher 
energy level. 
45 
 
Infrared irradiation and UV-Vis spectroscopy are powerful techniques to study the interaction 
between dissolved compounds and solvents. Solvent can affect the molecular geometry, 
electronic structure and dipolar moment of dissolved compounds, and finally affect the amount 
of absorbed or emitted light. The vibrational frequency of a chemical bond is mainly 
determined by the strengths of the chemical bond. The interaction, such as hydrogen bonding, 
between the solvent and dissolved compounds can affect the chemical bond strength and 
consequently lead to a frequency shift in IR.[20] Thus, the solvation shell around the redox ions 
and interaction between solvent-solute can be studied by using IR to detect the frequency shift 
of specific functional groups. For example, the cyanide groups in the K3/4Fe(CN)6 redox couple 
can be analysed by IR to study the interaction between solvent and the redox ions. The cyanide 
group has a specific stretch at around 2250 cm-1 that is sensitive to solvent and does not overlap 
with that of water.[21]   
The interaction between solvent and solute can also affect the positions, intensities and shapes 
of the absorption bands in UV-Vis spectra. The solvent affects the solute’s electronic 
absorption spectrum through making/changing the inter and intramolecular interactions 
between solvent-solute and/or solute-solute. The electronic structure and polarity of solute, and 
consequently the charge transfer and electronic absorption, are being affect by solvent.[22] For 
example, interaction between solvents and the CN groups in Fe(CN)6
3-/4- can affect the 
electronic absorption spectrum by affecting the metal to ligand charge transfer (MLCT).[23] In 
addition, the intra-ligand π−π* absorption (243-305 nm) in [Co(bpy)3]2+/3+ is solvent 
dependent, and can be affected by solvent.[24] 
In this thesis, an ATR-FTIR spectrometer (Perkin Elmer) and a Shimadzu UV-Vis 
spectrophotometer (UV-2600) were used to obtain the absorbance spectra and study the 
influence of different solvents on the redox couples.  
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3 Nanoparticle- based electrolytes 
3.1 Introduction 
In this part of the thesis, the focus was on developing safe, solid nanoparticle-based electrolytes 
to use in thermocells. For that, different commercially available nanoparticles were used for 
the solidification of liquid electrolytes. Then, the effect of electrolyte solidification on the 
Seebeck coefficient, redox couple diffusion coefficient and performance of the thermocell was 
studied. For this specific study, water, IL and mixed IL/organic solvent (DMSO) were used as 
the solvents to prepare the liquid electrolytes. 
3.2 Results and Discussions 
3.2.1 Water-based electrolytes 
3.2.1.1 Solidification of water-based electrolytes using nanoparticles 
To find out the effect of the nature and size of nanoparticles on the physical properties of the 
electrolyte and the cell performance, solidification of aqueous solutions of 0.4 M 
ferri/ferrocyanide was investigated through addition of three different nanoparticles of different 
sizes: Al2O3 (50 nm), TiO2 (21 nm) and ZnO (<100 nm) (Figure 3.1, table 3.1). Using TiO2 (21 
nm) for solidification, a leak-free paste resulted when the weight ratio of added TiO2 to the 
solution was 0.25:1. In the case of ZnO (<100 nm), more ZnO (0.66:1) was needed to get a 
leak-free electrolyte. Thus, the size of the nanoparticles was concluded to have an impact on 
the physical properties of the resulting quasi-solid electrolytes. These result shows that the 
bigger the nanoparticles, the greater the amount (in wt%) of nanoparticles needed for 
solidification.  
The effect of the size of the nanoparticles on the solidification of liquid electrolytes was studied 
further using different sizes of TiO2 nanoparticles, discussed in section 3.3.1.5. Once the 
optimum concentration of nanoparticles was identified (i.e. the minimum concentration 
sufficient to achieve no leakage) these quasi-solid-state electrolytes were used for the 
subsequent investigations. 
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Figure 3.1 Preparation of nanoparticle-based electrolytes through addition of different nanoparticles to the 0.4 M 
K3/4Fe(CN)6 aqueous solution. 
 
Table 3.1 . The effect of nanoparticle concentration on the physical properties of the electrolyte. 
Nanoparticle Wt. Ratio 
(nanoparticle : 0.4 M 
Fe(CN)63-/4- solution) 
Physical appearance 
 
Al2O3 (<50 nm) 
1:1 Wet powder 
0.5:1 Paste 
0.4:1 Paste 
0.33:1 Paste 
0.25:1 Liquid-like 
 
TiO2 (21 nm) 
1:1 Wet powder 
0.5:1 Paste 
0.33:1 Paste 
0.25:1 Paste 
0.2:1 Liquid-like 
 
ZnO (<100nm) 
2:1 Wet powder 
1:1 Paste 
0.66:1 Paste 
0.5:1 Liquid-like 
0.33:1 Liquid-like 
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3.2.1.2 The effect of solidification on the Seebeck coefficient of the Fe(CN)63-/4- redox 
couple 
The Seebeck coefficient of samples containing different weight fractions of nanoparticles was 
measured and compared with that of the 0.4 M K3/4Fe(CN)6 aqueous solution (Figure 3.2). A 
Seebeck coefficient of ~ -1.4 mV/K was measured for Fe(CN)6
3-/4- redox couple in both liquid 
and solid electrolytes. The results show that the addition of different nanoparticles in different 
ratios does not affect the Seebeck coefficient significantly. This is attributed to the absence of 
any strong interactions between the nanoparticles and the redox ions or their hydration shell. 
However, these electrolytes now have the benefit of no leakage. 
 
 
 
 
 
 
 
Figure 3.2 The effect of nanoparticles on the Seebeck coefficient of the Fe(CN)63-/4- redox couple. 
 
The measured Seebeck coefficient of the nanoparticle pastes remains high enough to be 
promising for further development of the solid-state thermocells.  
3.2.1.3 The effect of solidification on the diffusion coefficient of the Fe(CN)63-/4- ions 
Using a chronoamperometry technique and applying the Cottrell equation, the diffusion 
coefficient of Fe(CN)6
4- and Fe(CN)6
3- in the 0.4 M ferri/ferrocyanide aqueous solution at 20 
°C was calculated to be 4.8 ± 0.2 × 10-6 cm2/s and 6.3 ± 0.5 × 10-6 cm2/s, respectively. In 
comparison, the reported diffusion coefficient for Fe(CN)6
3- in 0.5 M aqueous NaOH solution 
containing 0.05 M Fe(CN)6
3- and 0.1 M Fe(CN)6
4- is 6.6 × 10-6 cm2/s.[1] The small deviation of 
the measured results from those reported is likely to be due to the solution composition and 
different concentrations.  
50 
 
The diffusion measurements of the solidified electrolytes show that the higher the ratio of 
added nanoparticles, the lower the diffusion coefficient (Figure 3.3), which is to be expected 
as the electrolytes become increasingly solid at higher nanoparticle concentrations.  
 
 
Figure 3.3 Diffusion coefficient of [Fe(CN)6]3- (a) and [Fe(CN)6]4- (b) in 0.4 M ferri/ ferrocyanide aqueous 
solution  and solid state electrolytes containing different weight % of nanoparticles, and c) electrochemical 
behaviour of 0.4 M K3/4Fe(CN)6 aqueous solution electrolyte before (—) and after solidification using different 
types of nanoparticles: 25% TiO2 (—), 33% TiO2 (—), 33% Al2O3 (—) and 66% ZnO (—), scan rate 50 mV/s.  
 
The measured diffusion coefficients in the liquid and solid electrolytes is consistent with the 
cyclic voltammetry (CV) results, which show that solidification of the electrolytes results in 
slightly lower currents compared to that in the liquid electrolyte. 
From these measurements, it was concluded that the solid state electrolytes containing 25% 
and 33% TiO2, 33% Al2O3 and 66% ZnO, in which ions show the highest diffusivity, should 
be used for the thermocell power output tests. 
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3.2.1.4 Thermoelectrochemical cell performance of nanoparticle-based aqueous 
electrolytes 
As the cell orientation has a significant effect on the power and current output, the best 
orientation must be chosen for the thermocell measurements. This chosen orientation was then 
used for all the experiments in this thesis. It has been revealed by other researchers that in a 
thermocell containing a liquid electrolyte, having the hot electrode placed on top of the cold 
one gives the lowest power and current because of the mass transport limitations (Figure 3.4).[2] 
In contrast, in the orientations in which the cold electrode is above the hot one, or when the 
cell is in horizontal orientation with two vertical electrodes, the heat convection leads to 
electrolyte mixing and increasing the mass transport of the redox couple and improving the cell 
performance (Figure 3.4). Solidification of liquid electrolytes can affect mass transport, 
thermal conductivity and consequently the cell performance through decreasing the 
convection. While mass transport in liquid electrolytes can be improved by convection, the 
thermal diffusivity is an undesired factor in the thermocell as it decreases the difference in 
temperature between the hot and cold electrodes. Therefore, the horizontal orientation with two 
vertical electrodes was used for the thermocell measurements (Figure 3.4). 
Importantly for thermocell applications, it was visually observed that all of the nanoparticle-
based pastes remain leak-free up to at least 45 °C. With a hot electrode temperature of 35 °C 
and a cold electrode temperature of 20 °C, the behaviour of the thermocell at different applied 
resistances using different electrolytes was investigated. Based on the measured diffusion 
coefficient, the nanoparticle-based electrolytes that had shown the best diffusivity were used 
in the cell performance study.  
 
Figure 3.4 Two configurations of the thermocell: hot-on-top (undesirable) and horizontal (desirable configuration 
used in this research). 
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Using the liquid electrolyte (0.4 M K3/4Fe(CN)6
 aqueous solution), the voltage across the cell 
during operation stabilized and stayed constant within 10 minutes (Figure 3.5), and the highest 
power density achieved was 65 mW/m2. 
In the case of the electrolytes with nanoparticles, at each resistance the potential and current 
slowly decreased and took a lot longer to stabilise compared to the cell with the liquid 
electrolyte, which is due to the limited convection and mass transport in the former. The time 
required for stabilization during discharge was therefore optimized for each electrolyte (Figure 
3.6) by running experiments with different times at each resistance. Electrolytes with a higher 
ratio of added nanoparticles and lower diffusion coefficient needed more time to stabilize. For 
example the electrolyte with 0.33wt. fraction of TiO2 became stable after 30 minutes, while the 
paste with 0.66 wt. fraction of ZnO needed around 60 minutes at each resistance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Optimization of time at each resistance for (0.33 w/w) TiO2- 0.4 M K3/4Fe(CN)6 (electrode separation 
= 1cm, Tcold = 20 °C, Thot = 35 °C). 
Figure 3.5 The cell voltage as a series of decreasing applied resistances in a cell containing 0.4 M K3/4Fe(CN)6 
aqueous solution at different applied resistances (Tcold = 20 °C, Thot = 35 °C). 
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After optimizing the running time for the cell containing each solid electrolyte, the power and 
current density of the cell with different electrolytes was determined (Figure 3.7). From these, 
it can be concluded that solidification of the liquid electrolyte leads to a big drop in power and 
current density of the cell in comparison with the liquid electrolyte. For the nanoparticle-based 
electrolytes, the power and current density are clearly also affected by the ratio of nanoparticles. 
It is therefore concluded that the higher ratio of nanoparticles has affected the mass transport, 
through blocking the transport paths of the redox ions and thus resulting in lower power and 
current output of the thermocell (Figure 3.7).  
 
Solidification of the electrolyte also affected the internal resistance of the cell significantly. 
While the internal resistance of the cell with the liquid electrolyte, determined from the applied 
resistance that corresponds to the point of highest power density, was 20 ohms, after addition 
Figure 3.7 Effect of solidification of the aqueous electrolyte (0.4 M Fe(CN)63-/4-) on the power (a and b) and (c 
and d) current (b and d are zoomed in version of a and c, respectively) output of the thermocell (electrode 
separation = 1cm, Tcold = 20 °C, Thot = 35 °C). 
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of 0.25 or 0.33wt. of TiO2 this increased to around 250 ohms. Addition of the two other types 
of nanoparticles, ZnO and Al2O3, resulted in an increase in the internal resistance to around 
500 ohms. 
The relationship between the measured diffusion coefficient of Fe(CN)6
3- and Fe(CN)6
4-, and 
the short circuit current density of the thermocell containing different nanoparticle-based 
electrolytes is shown in Figure 3.8. This confirms the general trend of increased current density 
with higher diffusion coefficient.  
 
3.2.1.5 The effect of nanoparticle size on Seebeck coefficient, diffusion coefficient and cell 
performance 
 
As discussed above, using three different nanoparticles of different sizes: Al2O3 (50 nm), TiO2 
(21 nm) and ZnO (<100 nm) for solidification of aqueous solutions of 0.4 M ferri/ferrocyanide, 
it was observed that addition of 0.25 wt. fraction of TiO2 (21 nm), gives a leak free electrolyte 
that has better performance in the thermocell compared to the other nanoparticles. To 
understand the effect of nanoparticle size on the Seebeck coefficient, diffusion coefficient and 
the cell performance, a range of different sizes of the same type of nanoparticle was then 
investigated. Two different sizes of TiO2 (5 and 40 nm) with the similar chemical property 
(pH) and same crystalline form (Anatase) were chosen for solidification of the liquid electrolyte 
(Table 3.2).  
 
Figure 3.8 Relationship between current density and the diffusion coefficient of Fe(CN)63-/4- ions in different 
nanoparticle-based electrolytes with different wt. ratios of particles (shown in brackets). 
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Table 3.2 The properties of titanium dioxide nanoparticles used in this investigation, as specified by the 
supplier. 
Size pH Crystalline form Purity Density 
(g/cm3) 
5 nm 5.25-7.3 Anatase 
 
99.5% 3.9  
40 nm 5.5- 6.5 Anatase 
 
99.5% 3.9 
21 nm 3.5- 4.5 Mix (82.2%Anatase, 17.8% Rutile) >99.5% 4.3 
 
 
As demonstrated above, using TiO2 (21 nm) for solidification of the liquid electrolyte, a leak 
free paste resulted when the weight ratio of added TiO2 to the liquid solution was 0.25:1. 
However, unlike the 21 nm TiO2, addition of 0.25 wt. fraction of 5 nm or 40 nm TiO2 
nanoparticles to the liquid electrolyte did not result a quasi-solid state electrolyte. This may be 
because of difference in crystalline forms of nanoparticles - both 5 nm and 40 nm TiO2 
nanoparticles were in anatase form, while 21 nm TiO2 nanoparticles were a mix of anatase and 
rutile (Table 3.2). TiO2 nanoparticles in anatase form have a larger aggregation tendency, while 
rutile nanoparticles tend to be more stable and dispersed than anatase form in electrolyte 
solutions.[3] This might be because of repulsive force between rutile nanoparticles arising from 
higher specific surface area.[4] Addition of 0.6 wt. fraction of 5 nm or 40 nm nanoparticles was 
required to produce a quasi-solid state electrolyte (Figure 3.9 a and b).  
 
Based on these observations, and comparing the two solid electrolytes containing TiO2 
nanoparticles with the same crystalline form but in different size (5 and 40 nm), it was 
concluded that there is no clear relationship between the sizes of the nanoparticles and the 
physical property of the nanoparticle-based electrolyte. Furthermore, the size of nanoparticles 
is not the only variable, and other factors such as the crystalline form of the nanoparticles can 
affect the physical property of the nanoparticle-based electrolytes. 
Figure 3.9 The physical appearance of electrolytes after addition of a) 0.25 wt. of TiO2 (21, 5 and 40 nm) and b) 
0.60 wt. of TiO2 (5 and 40 nm) nanoparticles to the 0.4 M Fe(CN)63-/4- solution. 
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The Seebeck coefficient of the Fe(CN)6
3-/4- redox couple and the diffusion coefficient of redox 
ions in titania-based electrolytes with different sizes of TiO2 were measured (Table 3.3). For 
these tests, the minimum amount of nanoparticles required to form a quasi-solid state 
electrolyte with each of the different nanoparticle sizes was used. The Seebeck coefficient of 
the redox couple in all the nanoparticle-based electrolytes is as high as that measured in the 
liquid electrolyte, which is -1.4 mV/K, and the size of the added nanoparticles has no significant 
effect.  
Table 3.3 The effect of nanoparticles on the Seebeck coefficient. 
Electrolyte  Seebeck 
coefficient 
(mV/K) 
Diffusion coefficient 
(D × 106 cm2/s) 
Fe(CN)64-   Fe(CN)63- 
0.6 wt. fraction TiO2 (40nm) in 0.4 M K3/4Fe(CN)63-/4-  -1.37 ± 0.03 3.23 ± 0.31 4.08 ± 0.61 
0.6 wt. fraction TiO2 (5nm)/0.4 M K3/4Fe(CN)63-/4-  -1.40 ± 0.02 2.96 ± 0.16 3.90 ± 0.19 
0.25 wt. fraction TiO2 (21nm)/0.4 M K3/4Fe(CN)63-/4-  -1.37 ± 0.03 4.19 ± 0.35 5.26 ± 0.36 
 
The diffusivity of both ions (Fe(CN)6
3- and Fe(CN)6
4-) in the nanoparticle-based electrolytes 
containing TiO2 with the size of 5 and 40 nm is lower than that in the electrolyte with 21 nm 
TiO2. The lower diffusivity can be attributed to the higher portion of added nanoparticles and 
lower amount of water in the quasi-solid state electrolytes.  
Using titania-based electrolytes, the performance of the thermocell was studied while the 
temperatures of the hot and cold electrodes were 35 and 20 °C respectively (Figure 3.10).  
The power output of the cell containing titania-based solid electrolytes (5 and 40 nm) was 
measured by running the experiments for 50 minutes at each resistance to stabilize the cell, 
while the optimum time for stabilization of the cell containing the 21 nm titania-based 
electrolyte was 30 minutes. 
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Figure 3.10 The effect of size of nanoparticles on the a) power and b) current density (electrode separation = 1cm, 
Tcold = 20 °C, Thot = 35 °C). 
 
The results show that the power and current density are affected by both the mass ratio and the 
size of nanoparticles. The higher mass ratio and smaller size of nanoparticles negatively affects 
the performance, attributed to lower mass transport and diffusivity of ions. The larger 
aggregation of small nanoparticles, due to stronger Van der Waals forces on the surface of 
nanoparticles,[3] creates a more tortuous path for transport of the redox couple, and thus results 
in lower power and current output for the thermocell. Similarly, increasing the ratio of added 
nanoparticles negatively affects the performance of the cell by decreasing the mass transfer. 
Furthermore, solidification of liquid electrolyte negatively affects the performance of cell by 
decreasing the mass transport through limiting the convection across the cell. 
3.2.1.6 The effect of convection on the cell performance 
The performance of a thermocell is highly dependent on the mass transfer between two 
electrodes, which happens by convection, diffusion and migration.[5] From the results discussed 
above, it was concluded that using nanoparticles for solidification of liquid electrolyte 
containing Fe(CN)6
3-/4- redox couple, the decreased mass transport is the main cause of lower 
power. To investigate the contribution of reduced convection to this lower transport, the effect 
of convection on cell performance was investigated by changing the configuration of cell and 
fixing a membrane in the cell. As discussed before (section 3.3.1.4) the cell configuration can 
affect the performance by affecting the convection and mass transfer across the cell. While the 
hot-on-top configuration limits the natural convection, other two configurations (horizontal 
orientation with vertical electrodes and cold-on-top orientation) can increase the mass transport 
and finally improve the cell performance through increasing the convection. 
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To see the importance of convection in mass transfer and cell performance, liquid electrolyte 
(0.4 M Fe(CN)6
3-/4- solution) and nanoparticle based electrolyte (0.25 wt. fraction TiO2 paste) 
were studied in a cell with hot-on-top orientations and in horizontal orientation with vertical 
electrodes. Using a liquid electrolyte in configuration with limited convection (hot-on-top), the 
power density is around 12 mW/m2, while using horizontal configuration with two vertical 
electrodes gives a higher power density with the value of 65 mW/m2 (Figure 3.11). Using the 
hot-on-top orientation for liquid electrolytes, limits the convection and leads to a big drop in 
cell performance.[2a] In this situation, the limited convection in liquid electrolytes decreases the 
mass transfer and subsequently negatively affects the cell performance. However, for quasi-
solid state electrolytes in there is not a big difference in using horizontal or hot-on-top 
configuration, which confirms that the convection, and thus performance, has already been 
limited by solidification 
 
In another experiment designed to study the effect of convection on the cell performance, a 
membrane was used in the liquid cell to decrease the convection. A glass microfibre membrane 
filter was fixed between two 0.3 cm spacers, then sandwiched between two platinum disks 
(Figure 3.12). 
  
Figure 3.11 The effect of cell orientation on the cell performance using liquid and solid electrolytes. 
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Figure 3.12 Setup of the cell using glass fibre filter. 
 
Then electrolyte (0.4 M Fe(CN)6
3-/4- solution) was injected to the cell, and the power and 
current density were measured. The voltage across the cell during operation is affected by the 
membrane, and at each resistance the potential and current slowly decreased and took a lot 
longer to stabilise compared to the cell without the membrane. The performance of the cell was 
significantly affected by using a membrane in cell (Figure 3.13). Thus, the fixed membrane in 
the cell affected the mass transport through limiting the convection across the cell and 
consequently led to lower power and current density.  
 
Increasing the temperature of the hot electrode in a cell with a fixed glass microfibre membrane 
was investigated as a route to improve the mass transfer. To test this, 0.4 M aqueous solution 
Figure 3.13 Effect of the fixed membrane in a cell on the power and current output of the thermocell containing 
0.4 M K3/4Fe(CN)6 aqueous solution (Tcold= 20 °C, Thot= 35 °C). 
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of K3/4Fe(CN)6
 was used with a fixed glass microfibre membrane, while the temperature of 
cold and hot side were 20 and 60 °C, respectively (Figure 3.14).  
There was an observed increase in open circuit voltage (OCV) of the cell, from 51 to 53 mV, 
after fixing in a membrane, which is attributed to reduced thermal diffusivity as a result of 
limited convection, which increases the temperature gradient that can be maintained between 
two electrodes (Figure 3.14). However, in spite of increasing the OCV, the power and current 
density were decreased. It was found that even increasing the temperature difference does not 
improve the cell performance in the cell with a fixed membrane, as it still suffers from limited 
mass transfer  
While mass transport in liquid electrolytes can be improved by convection, increasing of the 
thermal diffusivity is an undesired factor in thermocell as it decreases the temperature gradient 
across the cell. To improve the cell performance, using poly(vinylidene fluoride) (PVDF) 
membrane or cellulose sponge thermal separator has been suggested to limiting the convection 
and consequently get a higher temperature gradient.[6] In contrast, the result of current research 
shows that fixing a membrane can negatively affect the cell performance by decreasing the 
convection and mass transfer. The observed difference in the result of this research with those 
of other reports can be attributed to the different membranes used, the cell configuration and 
the given time at each resistance (with longer resting times used here). 
Figure 3.14 Effect of the fixed membrane in a cell on the power and current output of the thermocell containing 
0.4 M K3/4Fe(CN)6 aqueous solution (Tcold = 20 °C, Thot = 60 °C). 
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3.2.1.7 The effect of electrode separation distance on the cell performance 
As discussed above, the observed decrease in current and power density in cells containing 
quasi solid-state nanoparticle-based electrolytes was concluded to be because of the decreased 
convection and mass transport limitations. In this section, decreasing the distance between two 
electrodes was explored as a strategy for increasing the cell performance through improving 
the mass transport between the two electrodes. Until this point in the thesis, a 1cm spacer had 
been used.  
The performance of the cell containing 0.4 M Fe(CN)6
3-/4- solution was studied using 0.5 cm 
spacer, and compared with the performance of the cell with a 1 cm spacer (Figure 3.15 a and 
b).  
 
Figure 3.15 The effect of electrode separation on the a) power density and b) current density of the cell containing 0.4 
M Fe(CN)63-/4- solution, and  on the c) power density and d) current density of the cell containing nanoparticle- based 
electrolyte (0.25wt. fraction TiO2/ 0.4 M Fe(CN)63-/4- (Tcold = 20 °C, Thot = 35 °C). 
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The external resistances of between 4000 and 30 ohms were applied and the performance of 
the thermocell was studied while the temperatures of the hot and cold electrodes were 35 and 
20 °C respectively. Using 0.5 cm spacer, the performance of the cell containing titania- based 
electrolyte (25% TiO2) was then compared with that of 1 cm spacer (Figure 3.15 c and d). 
Decreasing the distance between the two electrodes using nanoparticle-based electrolytes 
unexpectedly led to a lower power and current density. While the smaller electrode separation 
may improve the cell performance through increasing the mass transfer,[2a, 2b] it was concluded 
that here it decreased the temperature gradient across the cell and thereby negatively affected 
the cell performance. This effect is more tangible in the case of nanoparticle-based electrolytes, 
which have higher thermal conductivity in comparison with the liquid one (Table 3.4), and this 
has the most significant effect in the thinner cell. 
 
Table 3.4 Thermal conductivity of liquid and nanoparticle-based electrolytes. 
Electrolyte  Weight fraction of added nanoparticle Thermal Conductivity 
(W/m.K) 
0.4M Fe(CN)63-/4- solution - 0.5494 
TiO2-based 0.25 
0.33 
                 0.6030 
NA* 
 
Al2O3-based 
  
0.33 
                             0.40 
                             0.50 
0.5963 
0.6036 
0.6081 
ZnO -based                              0.66 0.7510 
*Ti-0.33 could not be measured due to the high viscosity 
 
In addition, the open circuit potential (OCV) of a cell containing titania-based electrolyte was 
decreased by decreasing the distance between electrodes, while in the case of the liquid 
electrolyte no significant change in OCV was observed. Since the measured potential 
difference between two electrodes is related to temperature gradient across the cell (ΔV= Se. 
ΔT), it can be concluded that decreasing the electrode separation in a cell with titania-based 
electrolyte has led to a decrease in temperature gradient, leading to a smaller OCV. In a titania-
based electrolyte with higher thermal conductivity than a liquid electrolyte, decreasing the 
electrode separation does not help to improve the cell performance. 
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In order to find the effect of electrode separation on the temperature gradient, the temperature 
of electrodes was measured using sensors fixed in the cell in contact with the internal faces of 
electrodes which are in contact with electrolyte, while the temperature of the Peltier cooler and 
hot block were kept at 20 and 35 oC, respectively (Table 3.5). Measuring the temperature of 
cold and hot electrodes in 1 and 0.5 cm cells showed that the temperature gradient in a 0.5 cm 
cell containing titania-based electrolyte is less than that in the 1 cm cell. 
 
Table 3.5 The temperature of hot and cold electrodes with different cell thicknesses. 
Electrode 
separation 
T hot T cold ΔT 
     T hot block (°C)           T electrode (°C) T Peltier cooler (°C) T electrode (°C) 
1 cm 
0.5 cm 
     35  34.3 20  20.1       14.2 
     35  34.2 20  20.6 13.6 
 
In conclusion, using a thinner cell leads to a decrease in temperature gradient, and consequently 
a lower open circuit voltage. This is in agreement with the higher thermal conductivity of the 
nanoparticle-based electrolytes.   
3.2.1.8 The effect of concentration of redox couple on the Seebeck coefficient, diffusion 
coefficient and cell performance 
An alternative strategy investigated to overcome the low mass transport in the quasi-solid state 
electrolytes was increasing the concentration of redox ions. Ammonium hexacyanoferrate (II) 
hydrate, which has a higher solubility in water, can be used instead of potassium 
hexacyanoferrate (II) to prepare a highly concentrated electrolyte. It has been shown previously 
that the concentration of Fe(CN)6
3-/4- and power output of a thermocell can be increased from 
0.4 M and 3.6 W m-2 to 0.9 M and 5.4 W m-2, respectively, by replacing K4Fe(CN)6/ K3Fe(CN)6 
with (NH4)4Fe(CN)6/ K3Fe(CN)6.
[6b] This led to a 66% increase in ionic conductivity and 5.7% 
decrease in thermal conductivity of the electrolyte.  
Here, dissolving ammonium hexacyanoferrate (II) and potassium ferricyanide (III) in water, a 
0.92 M (saturated) liquid electrolyte was prepared. This was then solidified using 25 wt% TiO2 
nanoparticles (21 nm). TiO2 nanoparticles were chosen as they had shown the best cell 
performance with the 0.4 M K4Fe(CN)6/ K3Fe(CN)6, discussed above. 
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The Seebeck coefficient of the redox couple in the highly concentrated electrolyte is less than 
that of 0.4 M K4Fe(CN)6/ K3Fe(CN)6) solution (Table 3.6). The diffusivity of both ions is also 
lower, which can be attributed to higher viscosity of the more concentrated solution. The 
diffusion coefficient of the Fe(CN)6
3- after solidification decreased, while the diffusion 
coefficient of Fe(CN)6
4- increased. The increase in diffusivity of Fe(CN)6
4- is hypothesised to 
be because of hydrogen bonding between titania nanoparticles and ammonium ions (counter 
ions), which can increase the dissociation and diffusivity of Fe(CN)6
4-. Theoretically, it has 
been shown that hydrogens on the ammonium ion can hydrogen bond with TiO2.
[7] 
Furthermore, hydrogen bonding between ammonium ions of amino acids and TiO2 
nanoparticles has been reported.[8] 
 
Table 3.6 The effect of solidification on the Seebeck coefficient and diffusion coefficient of redox ions. 
Electrolyte  
 
Seebeck coefficient (mV/K) Diffusion coefficient 
(D × 106 cm2/s) 
 Fe(CN)64-   
 
Fe(CN)63-  
 
0.4 M K4Fe(CN)6/ K3Fe(CN)6) 
 
1.39 ± 0.01 4.51 ± 0.20 6.28 ± 0.47 
0.92 M (NH4)4Fe(CN)6/ K3Fe(CN)6) 
 
1.19 ± 0.01 2.78 ± 0.20 4.60 ± 0.11 
0.25 wt. TiO2/ 0.92 M  
(NH4)4Fe(CN)6/ K3Fe(CN)6) 
1.09 ± 0.01 3.70 ± 0.16  3.87 ± 0.12  
 
To study the effect of counter ion (i.e. replacement of K+ with NH4
+) on the Seebeck coefficient, 
a 0.4 M solution of (NH4)4Fe(CN)6/ K3Fe(CN)6 was prepared . This had a Seebeck coefficient 
of -1.4 ± 0.11 mV/K, which is in agreement with that of 0.4 M K4Fe(CN)6/ K3Fe(CN)6. This 
shows that the lower Seebeck coefficient measured in 0.92 M solution of (NH4)4Fe(CN)6/ 
K3Fe(CN)6 is because of the concentration of redox couple, not the counter ion. This is 
consistent with literature that shows Se is often inversely related to the redox couple 
concentration.[2b]  
A thermocell with electrode separation of 1 cm was then used to study the cell performance 
(Figure 3.16). The temperature of the cold and hot side were 20 and 35 °C, respectively. 
External resistances (1000-5 ohms) were applied for 10 minutes. In the case of the titania-
containing electrolyte (0.25 wt. TiO2/ 0.92 M (NH4)4Fe(CN)6/ K3Fe(CN)6), the experiment was 
run at each resistance (4000-30 ohms) for 30 minutes to stabilize the cell potential. Then, the 
effect of concentration, counter ion and solidification on the performance of the cell was 
65 
 
studied using electrolytes containing (NH4)4/ K3Fe(CN)6 or K4/ K3Fe(CN)6 in liquid and quasi-
solid form (Figure 3.16 and 3.17). 
The 0.4 M solution of (NH4)4/ K3 Fe(CN)6, in spite of having the same Seebeck coefficient as 
that of 0.4 M K4Fe(CN)6/ K3Fe(CN)6, has the lowest power density. This might be because of 
the smaller diffusion coefficient of Fe(CN)6
4- ((3.89 ± 0.11) × 10-6 cm2/s) and Fe(CN)6
3- ((5.17 
± 0.05) × 10-6 cm2/s) in 0.4 M (NH4)4/ K3Fe(CN)6 solution compared to those in 0.4 M 
K4Fe(CN)6/ K3Fe(CN)6 solution, attributed to the viscosity effect. Increasing the concentration 
of redox ions from 0.4 M to 0.92 M does not significantly improve the cell performance, which 
is attributed to the lower Seebeck coefficient at higher concentrations. 
Figure 3.17 Power and current output of cell using 0.25% TiO2/ 0.92 M (NH4)4Fe(CN)6/ K3Fe(CN)6 and 0.25% 
TiO2/ 0.4 M K4Fe(CN)6/ K3Fe(CN)6 (electrode separation = 1cm, Tcold = 20 °C, Thot = 35 °C). 
Figure 3.16 a) Power and b) current output of cell using 0.4 M (NH4)4Fe(CN)6/ K3Fe(CN)6 (●), 0.92 M 
(NH4)4Fe(CN)6/K3Fe(CN)6 (■) and 0.4 M K4Fe(CN)6/ K3Fe(CN)6 (▲) (electrode separation = 1cm, Tcold = 20 °C,        
T hot = 35 °C). 
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3.2.2 Ionic liquid-based quasi-solid state electrolytes 
The use of water-based electrolytes in thermocells is limited to operating at relatively low 
temperatures, and may suffer from electrolyte evaporation. Using ILs as the solvent can not 
only allow the application of higher temperatures, but also potentially increases the Seebeck 
coefficient (by providing a different solvation environment) and consequently improve the cell 
performance. Prior work using the [Co(bpy)3]
2+/3+[NTf2
-]2/3 redox couple in ILs, including 
[C2mim][NTf2] which is widely commercially available, has resulted in high Seebeck 
coefficients and power densities.[9]  
Using nanoparticles for solidification of water-based electrolytes, discussed above, it was 
concluded that TiO2 -based electrolyte in the thermocell resulted in higher powers and current 
output compared to the other types of nanoparticles. Therefore, using TiO2, two different types 
of IL-based quasi-solid state electrolytes, 0.05 M [Co(bpy)3][NTf2]2/3 in neat [C2mim][NTf2], 
and in a mixture of DMSO/ [C2mim][NTf2] (3/1 v/v) were investigated. As discussed in the 
literature review, these two mixtures of organic solvents and ILs with the ratio of 3:1 has been 
shown previously to be an optimum solvent system to get a high Seebeck coefficient for 
[Co(bpy)3]
2+/3+, and decrease the mass transport resistance in IL-based electrolytes.[10]  
The liquid electrolytes were prepared by dissolving the [Co(bpy)3]
2+/3+ redox couple in the 
solvent and then TiO2 nanoparticles were added to the liquid electrolytes to get quasi-solid state 
electrolytes that did not leak upon inversion (Figure 3.18). The neat ionic liquid-based and 
mixed organic/ionic liquid-based electrolytes became fully quasi-solid state after the addition 
of 11 and 25 weight percent of nanoparticles, respectively. 
 
Figure 3.18 Solidification of (a) Ionic liquid-based (b) Mixed solvent- based [Co(bpy)3]2+/3+ redox electrolyte. 
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3.2.2.1 The effect of electrolyte solidification on the Seebeck coefficient of [Co(bpy)3] 
2+/3+redox couple 
The Seebeck coefficients of the [Co(bpy)3]
2+/3+ redox couple in the four different electrolytes 
(Table 3.7), were measured using the H-tube setup described in the experimental section 
(Figure 2.1). The Seebeck coefficient of the [Co(bpy)3]
2+/3+ redox couple was not significantly 
affected by solidification of either type of liquid electrolyte. 
 
Table 3.7  Effect of nanoparticles on the Seebeck coefficient of the [Co(bpy)3]2+/3+ redox couple. 
Electrolyte  
 
wt. ratio  
TiO2:liquid 
electrolyte 
Seebeck coefficient 
(mV/K) 
[C2mim][NTf2] - 1.50 ± 0.01 
 
TiO2-[C2mim][NTf2]  
 
0.11:1 1.49 ± 0.02 
DMSO/ [C2mim][NTf2] (3/1 v/v) 
 
- 1.96 ± 0.01 
TiO2-DMSO/ [C2mim][NTf2] (3/1 v/v)  0.25:1 1.86 ± 0.02 
 
3.2.2.2 The effect of solidification on the diffusion coefficient of the [Co(bpy)3]2+/3+ ions 
The diffusion coefficient of [Co(bpy)]2+ and [Co(bpy)]3+ in the liquid and quasi-solid state 
electrolytes was measured using the chronoamperometry technique discussed above and 
calculated using the Cottrell equation (Table 3.8). 
 
Table 3.8 The effect of electrolyte solidification on the diffusion coefficient of 0.05M [Co(bpy)3]2+/3+ ions. 
Electrolyte  
 
Diffusion coefficient 
(D × 107 cm2/s) 
      [Co(bpy)3]3+ [Co(bpy)3]2+ 
[C2mim][NTf2] 1.23 ± 0.06  1.37 ± 0.04 
 
TiO2-[C2mim][NTf2] 1.07 ± 0.05  
 
1.15 ± 0.02  
DMSO/ [C2mim][NTf2] (3/1 v/v) 
 
9.32 ± 0.62  11.16 ± 0.32 
TiO2-DMSO/ [C2mim][NTf2] (3/1 v/v)  7.78 ± 0.66 9.20 ± 0.24 
 
As a result of the high viscosity of the IL, the [Co(bpy)3]
2+/3+ ions showed lower diffusivity in 
ionic liquid-based electrolytes. The diffusivity of [Co(bpy)3]
2+/3+ ions in both ionic liquid and 
mixed solvent-based electrolytes was decreased by addition of TiO2 nanoparticles, but not 
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significantly. In spite of increasing the viscosity of electrolytes to the extent that they become 
quasi-solid state after the addition of nanoparticles, the diffusion coefficient decreased by only 
~15% in both electrolytes. 
3.2.2.3 Thermoelectrochemical cell performance of nanoparticle-based IL electrolytes 
Considering the lower diffusivity of ions in IL-based electrolytes, due to the higher viscosity, 
the mass transport in ILs is limited. Increasing the operating temperature can improve the 
diffusivity and mass transport. Therefore the operation of the cell was studied in the horizontal 
orientation, as for above, while the temperatures of the hot and cold electrodes were 60 and 20 
°C respectively.  
The thermocell performance with the liquid electrolytes, neat [C2mim][NTf2] and the mixture 
of DMSO/ [C2mim][NTf2] (3/1 v/v) containing 0.05 M [Co(bpy)3][NTf2]2/3, gave the highest 
power densities of 5 and 45 mW/m2, respectively. These steady state values were obtained 
from experiments where the cell was held for 10 minutes at each resistance 
In contrast, the thermoelectrochemical cell containing the titania-based electrolytes did not 
show a stable voltage after 10 minutes at each resistance, which was attributed to the limited 
convection and mass transport. The required time to get a stable potential and current was then 
determined by running experiments with different allocated times at each resistance. The power 
and current density of the cell with different electrolytes were measured at optimized times for 
each electrolyte (Figure 3.19). 
The power and current density of the thermoelectrochemical cell containing titania-based 
electrolytes showed a drop compared to the cell using the equivalent liquid electrolytes. In 
addition, solidification of the liquid electrolytes, neat [C2mim][NTf2] and mixture of DMSO/ 
[C2mim][NTf2] (3/1 v/v), led to increasing the internal resistance of the cell from 2500 and 600 
to 20000 and 10000 respectively. However, while the presence of the nanoparticles did 
decrease the performance, it is important to note that the performance of the quasi-solid state 
electrolyte composed of the TiO2-DMSO/ [C2mim][NTf2] is only about half that of the 
unsolidified neat [C2mim][NTf2] system. Thus, by using a mixture of solvent and IL, and then 
solidifying this using nanoparticles, much of the performance of a liquid based cell can be 
maintained while also gaining the advantage of a quasi-solid state electrolyte system.  
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3.2.2.4 The effect of concentration of redox couple on Seebeck coefficient, diffusion 
coefficient and cell performance 
 
Increasing the concentration of redox couple in DMSO/ [C2mim][NTf2] was hypothesised to 
improve the performance of the cell through increasing the availability of ions. Thus, the 
concentration of cobalt redox couple was increased from 0.05 to 0.1 M, and was used in 
thermocell to study the effect of concentration of redox couple on cell performance.  
Table 3.9 shows that increasing the concentration from 0.05 to 0.1 M leads to a small decrease 
in Seebeck coefficient and a significant decrease in diffusivity of the redox ions. It has been 
shown that Seebeck coefficient of redox couple has an inverse relation with its concentration 
in electrolyte,[2b] which is consistent with the results shown here. The observed decrease in ion 
diffusivity can be attributed to higher viscosity of 0.1 M electrolyte compared to 0.05 M.  
Figure 3.19 The effect of solidification of IL-based electrolyte on the power (a, b) and current (c, d) output of 
the thermoelectrochemical cell (electrode separation = 1cm, Tcold = 20 °C, Thot = 60 °C). 
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The performance of thermocells was studied while the temperatures of the hot and cold 
electrodes were 60 and 20 °C, respectively. The power output with the liquid electrolyte (Figure 
3.20) was measured by running the experiments for 10 minutes at each applied resistance, while 
30 minutes was required for the solidified electrolytes.  
 
Table 3.9 The effect of solidification on the Seebeck coefficient and diffusion coefficient of cobalt redox ions 
with the concentration of 0.05 and 0.1 M. 
Electrolyte  
  
Seebeck coefficient 
(mV/K) 
Diffusion coefficient 
(D × 107 cm2/s) 
[Co(bpy)3]3+ [Co(bpy)3]2+ 
 
0.05 M [Co(bpy) 3]2+/3+ in DMSO/ [C2mim][NTf2] (3:1) 
 
 
1.98 ± 0.01 
 
9.32 ± 0.62  
 
11.16 ± 0.32 
0.25 wt. fraction TiO2-0.05 M [Co(bpy)3]2+/3+ in DMSO/ 
[C2mim][NTf2] (3:1)  
 
 
1.86 ± 0.02 
 
7.78 ± 0.66 
 
9.20 ± 0.24 
0.1 M [Co(bpy)3]2+/3+ in DMSO/ [C2mim][NTf2] (3:1) 
 
1.93 ± 0.05 6.77 ± 0.58 8.65 ± 0.29 
0.25 wt. fraction TiO2-0.1 M [Co(bpy)3]2+/3+ in DMSO/ 
[C2mim][NTf2] (3:1)  
  
 
1.78 ± 0.03 
 
6.15 ± 0.41 
 
5.99 ± 0.36 
 
 
The result was then compared with that of TiO2-0.05 M [Co(bpy)3][NTf2]2/3 in a mixture of 
DMSO/ [C2mim][NTf2] (3:1 v/v) (Figure 3.21). While increasing the redox couple 
concentration improves the power output and current density of the cell, a decrease in current 
at low voltage is observed using titania-based electrolyte because of limited mass transfer in 
solidified electrolyte. 
Figure 3.20 The effect of concentration of redox couple in liquid electrolyte [Co(bpy)3][NTf2]2/3 in a mixture 
of DMSO/ [C2mim][NTf2] (3:1 v/v)) electrolyte on the power (a) and current (b) output of the 
thermoelectrochemical cell (electrode separation = 1cm, Tcold = 20 °C, Thot = 60 °C). 
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3.3 Conclusions 
1. Solidification of liquid electrolytes - either aqueous or non-aqueous - through addition 
of nanoparticles does not affect the Seebeck coefficient of either redox couple tested, 
which is advantageous for the thermocell applications. Using TiO2 nanoparticles with 
two different sizes (5 and 40nm) for solidification of aqueous electrolyte shows that the 
size of the nanoparticles does not affect the Seebeck coefficient. In addition to the 
nanoparticle size, other factors such as crystalline form of the nanoparticles were 
concluded to affect the physical property of the nanoparticle-based electrolytes; 
differences in crystalline form and specific surface area of the nanoparticles, and 
consequently the repulsive force between nanoparticles, affects aggregation tendency 
of nanoparticles and could finally affect the physical properties of nanoparticle-based 
electrolytes. 
2. Solidification of aqueous and non-aqueous liquid electrolytes through the addition of 
nanoparticles decreases the diffusion coefficient of the redox ions tested by 15-25%. 
Upon the addition of the same amount of the TiO2 nanoparticles with two different sizes 
(5 and 40 nm), no significant relation between the size and diffusivity of Fe(CN)6
3-/4- 
redox ions was observed.  
3. Solidification of the liquid electrolytes causes a big drop in cell performance because 
of mass transfer limitations. The observed decrease in cell performance is much more 
Figure 3.21 The effect of concentration of redox couple in titania -based electrolyte (TiO2- [Co(bpy)3][NTf2]2/3 in a 
mixture of DMSO/ [C2mim][NTf2] (3:1 v/v)) on the power (a) and current (b) output of the thermoelectrochemical cell 
(electrode separation = 1cm, Tcold = 20 °C, Thot = 60 °C). 
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than the observed decrease in diffusivity of redox ions, which was 15-25%. A study of 
the effect of convection on the cell performance showed that solidification of liquid 
electrolytes mainly decrease the mass transfer by limiting the convection in thermocell.  
Decreasing the distance between electrodes in a cell containing nanoparticle-based 
electrolytes negatively affects the cell performance, because of the higher thermal 
conductivity of the nanoparticle-based electrolytes.  
To overcome this thermal conductivity problem, and allow the benefits of decreased 
electrode separation to be explored, use of a gelation/solidification agent with low 
thermal conductivity is required. Thus, the solidification of liquid electrolyte using 
polymers is investigated in the next chapters.  
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4 Quasi-solid state electrolytes for low-grade thermal energy harvesting using a 
cobalt redox couple 
4.1 General Overview 
Using molecular organic solvents such as dimethyl sulfoxide (DMSO) and 3-
methoxypropionitrile (MPN), with high boiling point and low volatility, in electrolyte 
preparation, provides the opportunity to protect the thermocell from drying and solvent 
evaporation and design a safer thermocell device that can operate at higher temperatures. Apart 
from increasing the safety of the thermocell, as a result of the lower volatility of high boiling 
point organic solvents than water, it has also been revealed that using MPN and DMSO to 
dissolve cobalt-based redox couples results in a high Seebeck coefficient and power density.[1]  
However, the possible leakage of liquid electrolytes is a severe problem, which is a challenge 
in designing a flexible and wearable thermocell device. This problem can be addressed by the 
addition of polymers as gelation agents for liquid electrolytes. 
As discussed earlier, development of a solid and flexible electrolyte is essential to design a safe 
and wearable energy harvesting device. In chapter 3, leak-free electrolytes were achieved using 
25-66% of different nanoparticles for the gelation of liquid electrolytes. Using nanoparticle-
based electrolytes it was found that the addition of nanoparticles to liquids negatively affects 
the cell performance in two ways: i) gelation of liquid electrolytes decreases the mass transport 
in the electrolyte by limiting the convection, and ii) the addition of highly thermally conductive 
nanoparticles to liquid electrolytes increases the thermal diffusivity across the thermocell and 
consequently decreases the cell performance by decreasing the temperature gradient. Thus, 
using a gelation agent with low thermal conductivity, in small amounts, should be considered 
to address the thermal conductivity and mass transport issues in solid electrolytes and improve 
the cell performance. Polymers such as PVDF or PVDF-HFP with low thermal conductivity,[2] 
can be considered as gelation agents in the development of leak-free electrolytes with low 
thermal conductivity. 
Prior research in the dye-sensitised solar cell (DSSC) field has shown that addition of 
polyvinylidene difluoride (PVDF) or poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-
HFP) to a solution of [Co(bpy)3][NTf2]2/3 in MPN or acetonitrile can produce a leak-free gel, 
which in DSSCs has shown a long-term stability.[3]  
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Here, publication 1 describes the application of polyvinylidene difluoride (PVDF) 
and poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP) for gelation and solidification of 
liquid electrolytes containing [Co(bpy)3][NTf2]2/3 redox couple in 3-methoxypropionitrile 
(MPN).[4] In this research, the mechanical properties of the gelled electrolytes were studied 
through rheological measurements, then the effect of gelation of liquid electrolytes on the 
electrochemical behaviour, Seebeck coefficient and diffusion coefficient of the [Co(bpy)3]
2+/3+ 
redox couple was studied. The performance of the cells containing gel electrolytes was 
compared with that of a liquid cell by measuring the power and current density. The impact of 
the electrode separation and concentration of redox couple on the cell performance in the gelled 
electrolytes were investigated, to optimise the electrolyte and improve the cell performance. 
Finally, in the last section the effect of mass transport through convection on the cell 
performance was investigated. The power and current output of the cell were measured in two 
different cell orientations to investigate the effect of convection. In addition, the convection 
effect in liquid electrolytes was further investigated by fixing a membrane in the cell to reduce 
the convection across the cell. Finally, using electrodes with a high surface area, in a thermocell 
containing gelled electrolytes, was investigated. Platinum electrodes were coated using carbon 
slurry to increase the surface area of electrodes and investigate any improvement in the cell 
performance.  
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4.2.2 Publication 1; ChemSusChem 2018, 11, 2788 -2796 
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4.3 Study of the effect of convection on cell performance 
As shown above in Publication 1, the addition of PVDF or PVDF-HFP polymers as gelation 
agents to liquid electrolytes causes a decrease in the cell performance. The observed decrease 
in performance of the cell after gelation of the electrolyte, in publication 1, was attributed to 
limited mass transport in the gels due to the limited convection, which finally was improved 
by decreasing the electrode separation and optimizing the concentration of redox couple. In 
addition, it has been shown that mass transport through convection plays an important role in 
cell performance.[5] Here, the importance of convection on the cell performance was tested by 
changing the orientation of a cell containing a liquid electrolyte from horizontal (with two 
vertical electrodes) to hot-on-top with limited convection. The performance of the liquid cell 
was studied through measuring the power and current density while Tcold and Thot were 20 and 
60 °C, respectively. Doing this a decrease in the power density from 48 to 12 mW/m2 was 
observed (Figure 4.1). The decrease in cell performance, which is in agreement with other 
reports,[5-6] and with the results in chapter 3 using the Fe(CN)6
3-/4- system, is attributed to 
limiting the convection across the cell in the hot-on-top configuration.   
 
 
 
 
 
 
 
 
Figure 4.1 The effect of cell orientation on the (a) Power and (b) Current density of thermocell, using liquid 
electrolyte (0.05 M [Co(bpy)3][NTf2]2/3 in MPN) (Electrode separation = 1cm, Tcold = 20 °C, Thot = 60 °C). 
 
The effect of convection in the thermocell was cross-checked by fixing a glass fibre membrane 
in a cell kept in horizontal orientation, containing a liquid electrolyte, to restrict the convection 
across the cell (Figure 4.2).    
The voltage across the cell during operation was affected by the fixed membrane, such that at 
each resistance the potential and current slowly decreased and took more time to stabilise and 
produced a lower power and current output than a liquid cell without a membrane. The 
membrane can affect the mass transport of the redox couple in the cell through limiting the 
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convection across the cell, and consequently leading to a drop in the power and current density. 
These observations support the conclusions above, in terms of explanation of the observed drop 
in cell performance after gelation of the electrolyte. 
While using poly(vinylidene fluoride) (PVDF) membrane or cellulose sponge thermal 
separator in liquid cells has previously been shown to be beneficial to cell performance by 
decreasing the thermal diffusivity through limiting the convection across the liquid cell,[7] the 
result of the current research shows that limiting convection can negatively affect the 
performance of a liquid cell by decreasing the mass transport. The different observation in this 
research from prior reports on using a membrane in a liquid cell can be attributed to the 
different membranes, different electrolyte and redox couple (in this case, the [Co(bpy)3]
2+/3+ 
couple is larger and more diffusion limited than the Fe(CN)6
3-/4- couple), different cell 
configurations and given time at each resistance. 
 
Figure 4.2 The effect of membrane on cell performance:  (a) schematic of cell with a fixed glass fiber membrane, 
(b) power density, (c) current density; liquid electrolyte (0.05 M [Co(bpy)3][NTf2]2/3 in MPN) (Tcold= 20 °C, T hot= 
60 °C).  
4.4 Investigation of higher surface area using carbon –coated electrodes  
In publication 1, using PVDF-based gelled electrolyte (5% PVDF/ [Co(bpy)3][NTf2]2/3 in 
MPN) in the thermocell, the performance of cell was improved by optimizing the electrode 
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separation and concentration of the redox couple. It was found that the best performance was 
observed using 5% PVDF/0.1 M [Co(bpy)3][NTf2]2/3 in MPN in a cell with the electrode 
spacing of 1 mm. Prior reports have shown that using electrodes with high surface area provides 
more sites for redox reactions and increase the performance of the thermocell.[8] For example 
electrodepositing platinum black on the surface of platinum disc electrodes in a thermocell 
device with 0.1 M [Co(bpy)3][NTf2]2/3 in MPN increased the surface area and improved the 
power output from 499 to 522 mW/m2.[1] Furthermore, it has been shown that carbon-coated 
platinum electrodes, because of a high surface area arising from non-uniformity of the surface, 
has an enhanced catalytic properties compared to the bare platinum electrode, which results in 
a higher current density in cyclic voltammograms.[9] In this part of the thesis, platinum and 
carbon-coated platinum electrodes (1.6 mm diameter) were used as working electrodes to study 
the effect of surface area of electrodes on the electrochemical behaviour of cobalt redox couple 
in gelled electrolyte, and their ability to harvesting thermal energy. 
4.4.1  Preparation of carbon slurry paste and carbon-coated electrode 
The carbon slurry paste was prepared following the reported procedure.[9] PVDF and carbon 
black (C65 C-Nergy super, Timcal) were mixed in a mortar and pestle with the weight ratio of 
1:3, then N-methyl-2-pyrrolidone (NMP) was added to get a homogeneous paste. For example, 
125 mg of PVDF and 375 mg of carbon black were mixed and after addition of NMP (7 g), a 
paste was produced. A platinum microelectrode (d=1.6 mm) and platinum disc electrodes were 
coated with carbon slurry paste, then left to dry in the fumehood overnight, then put in an oven 
at 70 °C for 4 hours (Figure 4.3). 
 
Figure 4.3 Carbon –coated platinum disc electrodes 
4.4.2 Study of electrochemical behaviour of cobalt redox couple in gel electrolyte 
The prepared carbon-coated electrodes were used to study the electrochemical behaviour of the 
cobalt redox couple in the gelled electrolyte (5% PVDF/[Co(bpy)3][NTf2]2/3 in MPN) that had 
shown the best performance in the thermocell device. In all experiments two platinum wires 
were used as counter and reference electrodes, and a platinum microelectrode (d=1.6 mm) with 
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or without carbon coating was used as the working electrode to scan between -1 V and +1 V 
(scan rate 50 mV/s) (Figure 4.4).  
Using the carbon-coated platinum electrodes for cyclic voltammetry (CV) at different scan 
rates showed a quasi-reversible electrochemical behaviour - with the potentials shifting with 
the scan rate - for the cobalt redox couple in the gelled electrolyte (Figure 4.4 a). In addition, 
coating the working electrode with carbon slurry resulted in a higher current density compared 
to the bare platinum electrode. This observation is in agreement with the reported behaviour of 
[Co(bpy)3][NTf2]2/3 in liquid electrolytes using carbon-coated platinum electrode (Figure 4.4 
b).[9] 
Figure 4.4 Cyclic voltammetry of gelled electrolyte (5% PVDF / 0.1M [Co(bpy)3][NTf2]2/3 in MPN) using a three-
electrode cell with a) carbon coated platinum electrode (1.6 mm diameter) at different scan rates and b) at a scan 
rate of 50 mV/s in comparison with bare platinum electrode (1.6 mm diameter). 
 
4.4.3 Performance of thermocell with cobalt-based gel electrolyte using carbon-coated 
platinum electrodes 
Carbon-coated platinum electrodes have been used in thermocells with cobalt redox couples 
with different ligands for thermal energy harvesting.[9] It was shown that the power output of 
the cell with Co(py-pz)3[NTf2]2/3 (py-pz = 2-(1H-pyrazol-1-yl)pyridine) or Co(Bupy-
pz)3[NTf2]2/3 (Bupy-pz= 2-(1H-pyrazol-1-yl)butylpyridine) redox couples after coating the 
platinum electrodes can improve by 38 or 150%, respectively due to the larger surface area of 
the coated electrode and the better electrochemical reversibility. However, in spite of the 
observed improvement in current density in the CV study, the performance of the cell 
containing [Co(bpy)3][NTf2]2/3 did not change using carbon-coated platinum electrodes. Using 
coated electrodes improved the electrochemical reversibility of Co(py-pz)3[NTf2]2/3 and 
Co(bupy-pz)3[NTf2]2/3 redox couples, which resulted in higher cell performance, while 
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[Co(bpy)3][NTf2]2/3 on both coated and bare electrodes had a similar reversibility, therefore the 
performance of the thermocell with this redox couple was not significantly affected by the 
electrode coating. 
Considering the observed improvement in the CV of the cobalt-based gel electrolyte after 
coating the platinum electrodes with carbon slurry (Figure 4.4), the performance of the 
thermocell was proposed to be improved by coating platinum disc electrodes with carbon. To 
test this hypothesis, two platinum disc electrodes were coated with carbon slurry and then used 
in a thermocell containing PVDF-gel electrolyte (5 % PVDF / 0.1M [Co(bpy)3][NTf2]2/3 in 
MPN). The power and current density of the cell were measured while the applied temperature 
of hot and cold sides was 60 and 20 °C, and the result was compared with that of the bare 
platinum electrodes (Figure 4.5). 
Figure 4.5 The effect of coating platinum electrodes using carbon slurry on the power and current output ((5%wt. 
PVDF-HFP /0.05 M [Co(bpy)3][NTf2]2/3 in MPN) (electrode separation = 2.5 mm, Tcold= 20 °C, Thot= 60 °C). 
 
While the cyclic voltammetry (CV) showed that coating platinum electrodes using carbon 
slurry leads to an increase in the current, a decrease in the power and current density of the cell 
was observed after coating platinum discs. The decrease in cell performance after coating 
electrodes is hypothesised to be because of decreased temperature gradient as a result of the 
insulation effect of the coating layer. Looking at the open circuit voltage of the cells with the 
bare platinum electrodes and carbon-coated electrodes, a 3-4 mV decrease in the open circuit 
voltage of the cell was observed after using the carbon-coated electrodes. Considering the 
measured Seebeck coefficient for the cobalt redox couple in the PVDF-based electrolyte (1.8 
mV/K), the difference in the open circuit voltage (3-4 mV) is roughly equivalent to a 2 °C 
decrease in temperature. So, if this is the case, then the open circuit voltage and consequently 
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the power output of the cell will reach to the initial value by increasing the temperature of the 
hot electrode by 2-3 °C.   
In order to examine this hypothesis, power and current density of the cell with coated electrodes 
were measured while increasing the temperature of the hot electrode from 60 to 62 oC (Figure 
4.6). 
 
 
Figure 4.6 The effect of electrode coating on the power and current of the cell using PVDF based electrolyte 
(5%wt. PVDF /0.05 M [Co(bpy)3][NTf2]2/3 in MPN) (electrode separation = 2.5 mm, Tcold= 20 °C, Thot= 60 or 62 
°C). 
 
By increasing the temperature of the hot electrode, the power and current density of the cell 
were improved and increased up to those of the cell with non-coated platinum electrodes. 
However, it did not show any improvement in the performance of the cell compared to a non-
coated platinum electrodes. 
It was concluded that due to the limited convection in gel electrolytes and consequently mass 
transfer being the limiting effect in terms of cell performance, electrode coating to increase the 
electrode area does not help to increase the power and current density in the cell. 
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4.5 Conclusions 
1. Addition of PVDF or PVDF-HFP to liquid electrolytes ([Co(bpy)3][NTf2]2/3 in MPN) 
does not significantly change the Seebeck coefficient of the cobalt redox couple. This 
shows that the interaction between redox ions and solvent molecules is not significantly 
affected by the addition of polymers. Thus, the addition of PVDF or PVDF-HFP is a 
good method to prepare a leak-free gel electrolyte without affecting the Seebeck 
coefficient of the redox couple. 
2. Although the addition of polymers to liquid electrolytes for gelation negatively affects 
the diffusivity of redox ions, it leads to only a 10-30% decrease in diffusivity of cobalt 
ions. The measured ion diffusivity in the gel electrolytes is high enough to use in 
thermal energy harvesting, and design a safe and leak-free thermocell device.     
3. Gelation and solidification of liquid electrolytes through the addition of polymers leads 
to a big drop in the cell performance. Addition of PVDF or PVDF-HFP to the liquid 
electrolyte (0.05 M Co(bpy)3][NTf2]2/3 in MPN) decreased the power output from 48 to 
6 and 4.5 mW/m2. This can be attributed to the limited convection, which decreases the 
mass transport of the redox couple across the cell. Limiting the convection in a 
thermocell device, by changing the cell orientation from horizontal (with two vertical 
electrodes) to hot-on top orientation decreased the power from 48 to 12 mW/m2. 
Changing the cell orientation from horizontal to hot-on top orientation or fixing a 
membrane in the cell or solidification of the electrolyte, resulted in a drop in power and 
current output. This shows that convection plays an important role in cell performance 
by increasing the mass transport across the cell. 
4. The mass transport limitation can be addressed to a certain extent by optimizing the 
concentration of redox ions. While increasing the concentration of redox ions increases 
the availability of the redox ions and improves the mass transport in the cell, it 
negatively affects the Seebeck coefficient and decreases the ion diffusivity through 
increasing the viscosity of electrolyte. Due to this, although increasing the 
concentration of cobalt redox couple from 0.05 M to 0.1 M increased the cell 
performance, higher concentration (0.25 M) of the redox couple did not improve the 
cell performance. 
5. Decreasing the electrode separation can improve the performance of the cell by 
decreasing the distance that the redox couple needs to travel in the thermocell. Unlike 
the nanoparticle-based electrolytes, decreasing the electrode separation in a cell 
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containing polymer-based electrolyte improves the cell performance. This is attributed 
to the lower thermal conductivity of polymers compared to highly thermally conductive 
titania, zinc oxide and alumina nanoparticles studied in chapter 3, which allows the 
temperature gradient to be maintained across the thin cell.  
6. While coating the platinum electrodes improved the electron transfer at the surface of 
the electrodes and finally resulted in a higher CV current compared to two other 
electrodes, the thermocell performance was not improved using coated platinum discs. 
Carbon coating of electrodes decreases the thermal conductivity and results in a smaller 
temperature gradient across the cell and thus decreases the cell performance. In 
addition, increasing the electrode area does not improve the cell performance because 
mass transfer in the gel electrolytes is the limiting factor, due to the decreased 
convection. 
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5 Development of quasi-solid state ionic liquid based electrolytes for thermal 
energy harvesting  
5.1 General overview 
In publication 1, addition of PVDF and PVDF-HFP polymers as gelation agents to MPN-based 
electrolytes was introduced as a promising method to overcome the leakage problem of liquid 
electrolytes.[1] However, although by increasing the ratio of polymer a free standing gel 
electrolyte was prepared, the flammability and volatility of organic solvents used in electrolyte 
preparation is another issue limiting the application of thermocell.  
Replacing organic solvents by non-flammable and non-volatile ILs, gives us an opportunity to 
prepare safer electrolytes for thermal energy harvesting. As introduced in the literature review, 
the cobalt based redox couple [Co(bpy)3][NTf2]2/3, with a reasonably high Seebeck coefficient 
in a range of ILs, especially [C2mim][NTf2], has been used in electrolyte preparation for 
thermal energy harvesting.[2]  
With respect to the preparation of quasi-solid state electrolytes, combinations of different 
polymers and ILs have been used in different research, especially sensors, actuators and energy 
storage devices.[3] Flexibility of the polymer and miscibility between IL and polymer are 
driving forces in the application of PVDF and PVDF-HFP for gel polymer electrolyte 
preparation. It has been shown that PVDF and PVDF-HFP, in combination with 
[C2mim][NTf2] through solvent casting, form free- standing membranes with good mechanical 
properties.[4] A combination of PVDF-HFP and three ILs which contain the same anion (NTf2) 
but different cations (imidazolium, pyridinum and phosphonium), with and without ZnTf2, has 
been investigated and it was shown that the highest ionic conductivity and best electrochemical 
behaviour was produced using a mixture of [C2mim][NTf2] and PVDF-HFP.
[5]  
In the current research, [Co(bpy)3][NTf2]2/3 in [C2mim][NTf2] was chosen as a redox active 
electrolyte because of the previously reported relatively high Seebeck coefficient and 
performance in liquid thermocell. Then PVDF and PVDF-HFP were used for 
gelation/solidification of the IL-based electrolytes. Thus, in Publication 2, the first part of this 
chapter, the preparation and application of flexible and non-volatile polymer/ionic liquid gel 
and film electrolytes in thermal energy harvesting is reported.[6] Through addition of polymer 
powder to liquid electrolyte and then heating the mixture, or solvent casting, gel or free 
standing film electrolytes were prepared. The mechanical properties of the prepared gel and 
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film electrolytes were studied, then the effect of solidification of the electrolyte on the 
electrochemical behaviour, Seebeck coefficient and diffusion coefficient of the redox couple, 
and finally the performance of the cell was investigated.     
In spite of the high Seebeck coefficient of the cobalt-redox couple in MPN, and reasonably 
high performance of gelled MPN-based electrolytes in the thermocell (publication 1, chapter 
4), its application in the thermocell is limited to relatively low temperatures due to low melting 
point of gelled-MPN-based electrolyte. On the other hand, although the non-volatility and non-
flammability of ILs make them desirable solvents in preparation of a safe electrolyte in 
thermocell, the viscosity of ILs can negatively affect the mass transport and decrease the cell 
performance.[2a] It was hypothesised that using a mixture of IL and high boiling point organic 
solvent in electrolyte preparation and then gelation of the mixed solvent system electrolyte can 
result in a gel electrolyte with higher melting point than the gelled MPN-based electrolyte, and 
higher mass transport than the IL-based electrolyte. Therefore, in part 2 of this chapter, 
[Co(bpy)3][NTf2]2/3 was dissolved in a mixture of MPN and [C2mim][NTf2] (3:1 V:V), then 
the resulting electrolyte was solidified through addition of PVDF. The thermal and mechanical 
properties of the prepared gel electrolyte, and the electrochemical behaviour of the cobalt redox 
couple in the gel electrolyte, was investigated. The Seebeck coefficient and diffusion 
coefficient of the cobalt redox ions in mixed solvent system in both liquid and gel form were 
measured, and then application of the PVDF/mixed MPN-IL electrolyte in thermal energy 
harvesting was investigated and compared with that of MPN or IL-based electrolytes reported 
in publication 1 and 2.   
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5.2.2 Publication 2, Sustainable Energy and Fuels 2018, 2, 1806-1812 
Flexible and non-volatile redox active quasi-solid state ionic liquid based 
electrolytes for thermal energy harvesting 
Abuzar Taheri, Douglas R. MacFarlane, Cristina Pozo-Gonzalo and Jennifer M. Pringle 
Towards the development of stable thermocells for harvesting low-grade waste heat, non-volatile 
and flexible electrolyte films are reported. 
 
 
 
The article was first published on 28 June 2018 
Sustainable Energy  Fuels, 2018, 2, 1806-1812 
http://dx.doi.org/10.1039/C8SE00224J 
 
108 
 
 
109 
 
 
 
110 
 
 
 
 
111 
 
 
112 
 
 
113 
 
 
114 
 
 
115 
 
5.2.3 Supporting information 
 
 
116 
 
 
 
 
 
117 
 
 
 
 
 
 
  
 
118 
 
5.3 Using mixed organic solvent/ IL in preparation of gel electrolytes 
Previously in the publication 1 it was shown that the gelation of MPN-based electrolytes results 
in a quasi-solid electrolyte, which is promising to develop a leak-free thermocell device.[1] In 
this chapter, to increase the safety and reduce the flammability and volatility risk of the 
thermocell device, ionic liquid was used as solvent in the electrolyte preparation, then flexible 
and free standing electrolytes were prepared through addition of PVDF or PVDF-HFP polymer 
to IL-based electrolyte (publication 2).[6] Using optimized MPN-based gel electrolyte with 
cobalt redox couple produced a power of 23 mW/m2 in the thermocell, while due to the mass 
transport issue in the IL-based electrolytes the power output of the cell with the polymer/IL-
based electrolyte was 1 mW/m2. However, although the quasi-solid state MPN-based 
electrolytes have better performance in the thermocell compared to the solid IL-based 
electrolyte, it has a lower melting point than IL-based electrolyte, which limits its operation at 
higher temperatures.  
To improve the mass transfer in viscous IL-based electrolytes, addition of  high boiling point 
solvents such as MPN and DMSO to ILs has been suggested to decrease the viscosity of the 
electrolyte.[2e] This results in a mixed-solvent electrolyte with a larger Seebeck coefficient and 
higher mass transfer in comparison with those in an IL-based electrolyte. The best result in a 
thermocell was achieved using a solution of [Co(bpy)3][NTf2]2/3 in the mixture of MPN/ 
[C2mim][NTf2] with the ratio of (3:1).
[2e]  
Since addition of organic solvents to IL in the electrolyte preparation decreases the viscosity 
of the solvent system and improves the mass transport in the electrolyte, a mixed solvent system 
containing MPN and [C2mim][NTf2] can be considered for the preparation of a liquid 
electrolyte which, after gelation, can result in a leak-free electrolyte with higher mass transport 
than the solidified IL-based electrolyte. Furthermore, considering the higher melting point of 
the solidified IL-based electrolytes, it was hypothesised that addition of polymers to a mixed 
IL/MPN-based electrolyte can result in a gel with higher melting point compared to a 
polymer/MPN-based electrolyte, which is desirable in designing a leak-free thermocell device 
applicable to operate at higher temperatures. To do this, [C2mim][NTf2] and MPN were used 
to prepare a mixed solvent system to dissolve [Co(bpy)3][NTf2]2/3 redox couple. 
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5.3.1 Electrolyte preparation 
To study the effect of addition of ionic liquid to MPN, a 0.05 M solution of [Co(bpy)3][NTf2]2/3 
in a mixture of MPN/ [C2mim][NTf2] (3:1) was prepared, then was solidified through addition 
of 5% PVDF and heating at 120 °C for 30 min (Figure 5.1). 
Figure 5.1 Polymer- based electrolytes containing 5% wt PVDF - MPN/ [C2mim][NTf2] (3:1).  
 
Rheology measurement showing higher storage modulus (G′) compared to loss modulus (G″) 
in strain sweep confirmed that the prepared sample was in gel form (Figure 5.2 a). Frequency 
sweep result showed that the prepared gel is a stable and leak-free gel and not affected by time 
(Figure 5.2 b). In addition, the gel property of the sample in a temperature range of 25- 70 °C 
was confirmed by temperature sweep (Figure 5.2 c).  
 
Figure 5.2 Rheology measurement of PVDF - MPN/ [C2mim][NTf2] (a) strain sweep,(b) frequency sweep (c) 
temperature sweep.  
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5.3.2 Diffusion coefficient and Seebeck coefficient of Co(bpy)32+/3+  redox couple in mixed 
solvent system 
The electrochemical behaviour of the cobalt redox couple in both liquid and gel electrolyte was 
investigated by cyclic voltammetry (CV) (Figure 5.3). The results show that gelation of the 
mixed-electrolyte did not affect the reversibility or electrochemical behaviour, but led to a 
decrease in the current, which might be attributed to the lower mass transfer in the gel 
electrolyte. Then the diffusion coefficient of redox ions was measured using 
chronoamperometry technique, in both liquid and solid form. A 10-15% decrease in the 
diffusivity of [Co(bpy)3]
2+/3+ ions in the mixed solvent system was observed after gelation, 
which is consistent with the cyclic voltammetry (CV). 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 The electrochemical behaviour of 0.05 M [Co(bpy)3][NTf2]2/3 in MPN/ [C2mim][NTf2] before and after 
gelation (5wt% PVDF), using a three-electrode cell equipped with a platinum working electrode (1.6 mm 
diameter) and two platinum wires as counter and reference electrodes. 
 
Table 5.1 The effect of addition of IL to MPN-electrolyte on the Seebeck coefficient and diffusion coefficient of 
[Co(bpy)3]2+/3+  ions in different solvent systems. 
 
 
 
 
 
The measured Seebeck coefficient and diffusion coefficient of the cobalt redox ions in the pure 
MPN or IL- based electrolytes in both liquid and gel form (from Publication 1 and 2) are 
presented again in Table 5.1, to compare with those measured in the mixed solvent system. The 
Electrolyte  Seebeck 
coefficient 
(mV/K) 
     Diffusion coefficient  
         ( D × 106 cm2.s-1) 
[Co(bpy)3]2+ [Co(bpy)3]3+ 
MPN 1.81 ± 0.03 5.00 ± 0.39 4.90 ± 0.27 
5 wt% PVDF-MPN 
MPN/[C2mim][NTf2](3:1) 
1.80 ± 0.02 
1.70 ± 0.04 
4.63 ± 0.13 
2.53 ± 0.19 
4.21 ± 0.09 
2.43 ± 0.23 
5wt% PVDF-MPN/[C2mim][NTf2] 1.68 ± 0.01 2.10 ± 0.10 2.14 ± 0.10 
[C2mim][NTf2] 1.50 ± 0.01 1.81 ± 0.07 1.63 ± 0.10 
2.5 %PVDF-[C2mim][NTf2] 1.51 ± 0.02 1.65 ± 0.06 1.66 ± 0.07 
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diffusivity of redox ions in the mixed solvent system was higher than in the IL-based systems, 
but smaller than in the MPN-based systems. Addition of MPN to IL resulted in a diffusion 
coefficient of the cobalt redox ions in liquid and solid electrolyte comparable to that in IL-
based electrolytes, through decreasing the viscosity of the electrolyte.   
The Seebeck coefficient was then measured using a non-isothermal cell, and was compared 
with that in the neat MPN or IL-based electrolyte (Table 5.1). Results show that mixing of IL 
with organic solvent (MPN) has resulted in larger Seebeck coefficient than that in the IL-based 
system. However, addition of PVDF to the liquid electrolytes for gelation does not significantly 
affect the Seebeck coefficient of the cobalt redox couple, similar to the results observed upon 
gelation of either the neat MPN or IL systems discussed earlier.  
The DSC results show that addition of PVDF to the mixed MPN/ IL electrolyte has resulted in 
a gel with the melting point of 105 °C (Figure 5.4), which is higher than that of the MPN gel, 
which has a melting point of 95 °C.  
 
 
 
 
 
 
 
 
 
Figure 5.4 DSC thermograms (second heating cycle) of the gel electrolyte, 5 wt. % PVDF/0.05 M 
[Co(bpy)3][NTf2]2/3 in MPN/IL (3:1). 
 
It can be concluded that mixing of MPN with IL is a good technique to benefit from higher 
mass transfer in MPN and better mechanical property of the IL-based electrolyte to prepare a 
safe leak- free electrolyte. The addition of IL to MPN increases the melting point of the gel and 
also visually appeared to result in a stronger gel. It is hypothesized that IL results in strong 
interaction between the PVDF and the solvent. Further work could look at the effect of 
interactions with the IL on the melting point and mechanical properties by DSC and DMA. 
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5.3.3   Thermocell measurement 
To study the cell performance, the external resistances with a range of values of between 20000 
and 250 ohms were applied, while the temperature of hot and cold sides were 60 and 20 °C, 
respectively. The power and current density of the cell with the thickness of 1 cm, containing 
mixed MPN/ IL electrolyte in both liquid and gel form was measured, and compared with that 
of a cell containing MPN or IL-based electrolyte in liquid and gel form (Figure 5.5). 
 
Figure 5.5 The effect of electrolyte gelation on the (a and b) power density and (c and d) current density (b and d 
are zoomed in version of a and c, respectively) of a thermocell containing [Co(bpy)3][NTf2]2/3 in MPN, 
[C2mim][NTf2] or MPN/[C2mim][NTf2] in liquid form and after gelation using PVDF (Electrode separation = 
1cm, Tcold = 20 °C, Thot = 60 °C). 
 
Using the mixed MPN/IL-based electrolyte in liquid or gel form for thermal energy harvesting 
results in the power density of 38 or 4 mW/m2, respectively, which is higher than those of the 
IL-based electrolyte in liquid and gel form. The power density of the cell with liquid and gel 
IL-based electrolyte was 5 and 1 mW/m2, respectively. Therefore, the results show that the 
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MPN-based electrolyte in liquid form still has the highest performance in the thermocell among 
the different solvent electrolytes tested. 
The addition of MPN to IL has led to an increase in the power and current density of the cell 
compared to that of the IL-based one, attributed to the larger Seebeck coefficient and higher 
ion diffusivity of the cobalt redox couple in mixed solvents. The higher Seebeck coefficient of 
the redox couple in the mixed MPN/ IL-based electrolytes (either in liquid or gel form) resulted 
in a larger open circuit voltage compared to the IL-based electrolytes, and smaller than that in 
MPN-based electrolytes. Addition of MPN to IL increased the power output of the cell with 
IL-based electrolytes especially in liquid form. However, using the gelled MPN/IL electrolyte 
in the thermocell showed that in spite of improvement in the current density, a decrease in the 
current at lower voltages is observed due to the mass transport limitations.  
 
5.4 Conclusions 
1. Addition of PVDF or PVDF-HFP to the IL-based electrolyte is a good method to 
prepare gel or free standing leak-free electrolytes. Increasing the ratio of the added 
polymer gives an opportunity to prepare a thin flexible film electrolyte. Solidification 
of the IL-based electrolyte does not significantly affect the Seebeck coefficient, but the 
diffusivity of the redox ions is decreased.  
2. Gelation of the IL-based electrolyte leads to a decrease in the cell performance due to 
the limited mass transport in polymer-based electrolytes arising from the limited 
convection in the polymer-based electrolytes. Decreasing the electrode separation to 
overcome the mass transport limitation in the polymer-based electrolytes can improve 
the cell performance, also has the advantage of decreasing the amount of electrolyte 
required.  
3. Addition of MPN to the IL-based electrolytes positively affects both Seebeck 
coefficient and ion diffusivity. Addition of MPN to IL decreases the viscosity of the 
electrolyte, which improves the mass transfer. Increasing the Seebeck coefficient and 
ion diffusivity in the mixed system after addition of MPN, results in a higher cell 
performance compared to the IL-based electrolyte. 
4. Gelation of the liquid MPN/IL electrolytes through addition of PVDF does not 
significantly affect the Seebeck coefficient, but leads to a 10-15% decrease in the 
diffusivity of the cobalt redox ions. In addition, gelation of the mixed IL/MPN 
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electrolyte results in a free standing electrolyte that now has higher melting point than 
the gelled MPN-based electrolyte. Although the IL/MPN-based gelled electrolyte in the 
thermocell produces lower power output than the MPN gel electrolyte, its higher 
melting point than MPN-based gel gives an opportunity to use the thermocell at higher 
temperatures with no leakage problems. Furthermore, due to the higher Seebeck 
coefficient and diffusivity of the redox ions in the mixed solvent electrolytes, it 
produces higher power output than the IL-based gel electrolyte in the thermocell.  
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Chapter six 
Application of a water-soluble cobalt redox couple in free-
standing cellulose films for thermal energy harvesting  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
126 
 
6 Application of a water-soluble cobalt redox couple in free-standing cellulose 
films for thermal energy harvesting  
6.1 General Overview 
In chapters 4 and 5, a high boiling point organic solvent (MPN) and an IL were used in the 
electrolyte preparation to provide an opportunity to increase the operating temperature of the 
thermocell device. Then, solidification of the liquid electrolytes was investigated, to overcome 
the possible leakage problems. Although these approaches are beneficial in designing a 
thermocell device capable of operating at higher temperatures, the toxicity and/or flammability 
of organic solvents and ILs used in electrolyte preparation are remaining issues associated with 
their use in thermocell technologies. 
Water is an environmentally friendly solvent that can be used in electrolyte preparation for 
thermocell devices for harvesting low-grade thermal energy. Aqueous electrolytes have been 
used previously in thermocells, but they were mostly limited to iron-based redox couples such 
as K3Fe(CN)6/ K4Fe(CN)6 or FeCl2/FeCl3. Depending on the concentration of the redox couple, 
the highest Seebeck coefficient achieved was between -1.43 and -1.77 mV/K, which was for 
K3/4Fe(CN)6 in water.
[1] A positive Seebeck coefficient, with the value of 1.02 mV/K, was 
previously measured in a solution of 0.1M of FeCl2/ FeCl3 in water.
[2] It has also previously 
been shown that using two redox couples with opposite signs of Seebeck coefficient, and then 
using them in series connected thermocells, produces a higher potential than a single cell.[2] 
Series connecting a thermocell containing gelled K3Fe(CN)6/ K4Fe(CN)6 redox couple with 
negative Seebeck coefficient (-1.21 mV/K), to a thermocell containing gelled FeCl2/ FeCl3 with 
positive Seebeck coefficient (+1.02 mV/K), produced a large potential difference (23 mV when 
ΔT = 10 °C).[2]  
Our research group has shown that [Co(bpy)3][NTf2]2/3 redox couple in organic solvents such 
as DMSO or MPN or in ILs gives a high and positive Seebeck coefficient (1.5– 2.2 mV/K),[3] 
and therefore these could be good candidates to be used in series connected thermocell systems. 
This encouraged us to investigate water-soluble cobalt-based redox couples for the preparation 
of aqueous electrolyte systems. In this chapter, aqueous and non-aqueous electrolytes were 
prepared by dissolving cobalt based redox couples in water or organic solvents. Since 
[Co(bpy)3][NTf2]2/3 is not soluble in water, [Co(bpy)3]
2+/3+
 with other counter ions (Cl
-, BF4
-) 
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were investigated in this study. The prepared aqueous and non-aqueous electrolytes were 
solidified using environmentally friendly cellulose membrane to prepare leak free electrolytes, 
and then studied in the thermocell. Then, the effect of increasing the redox couple concentration 
was investigated as a route to further optimisation of thermocell performance, and the result 
was compared with that of a thermocell containing K3/4Fe(CN)6 redox couple.   
Finally, the concept of series-connecting these new quasi-solid state thermocells utilising 
electrolytes of cellulose/[Co(bpy)3][NTf2]2/3 in MPN and cellulose/ K3/4Fe(CN)6
 in water was 
investigated and is presented in section 6.3. 
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6.2.2 Publication 3, submitted to Electrochimica Acta, September 2018. 
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6.2.3 Supporting information 
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6.3 Study of the cellulose-based electrolytes in a series-connect thermocell system 
As discussed above, the K3/4Fe(CN)6
 and [Co(bpy)3][NTf2]2/3 redox couples can be considered 
as p-type and n-type elements, respectively, for a series-connected thermocell array, which is 
analogous to a p-type and n-type semiconductor array. In this part of the thesis, use of the new 
cellulose membranes was investigated within the concept of a series-connected thermocell 
arrangement. This is made possible by the oppositely signed (positive) Seebeck coefficient of 
the new aqueous [Co(bpy)3]
2+/3+ in cellulose membranes compared to the Fe(CN)6
3-/4- system 
(Figure 6.1).  
 
 
 
 
 
 
 
 
Figure 6. 1 Two series-connected thermocells: a cell containing cellulose/0.4 M K3/4Fe(CN)6 in water series 
connected with a cell containing cellulose / 0.1 M [Co(bpy)3][NTf2]2/3 in MPN. 
 
Series connecting two thermocells using cellulose-based electrolytes, one with 0.1 M 
[Co(bpy)3][NTf2]2/3 and one with 0.4 M aqueous K3/4Fe(CN)6, produced 105 mV potential 
(Tcold = 20 °C, Thot= 60 °C) (Figure 6.2). This potential is higher than that produced by a single 
thermocell at the same ΔT, i.e. containing either cellulose /0.1 M [Co(bpy)3][NTf2]2/3 in MPN 
(62 mV), or cellulose/0.4 M K3/4Fe(CN)6 in water (44 mV). However, series connection of two 
thermocells, in spite of producing a high voltage, did not produce high power density. This was 
attributed to the high internal resistance of the paired-thermocell, which predominantly arises 
from the cell with the cobalt redox couple. It can therefore be concluded that the mass transfer 
resistance in the cobalt-based electrolyte, arising from the low diffusivity of the large cobalt-
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based redox complex, is the main reason for the low power output of the series-connected 
thermocell system. 
Figure 6.2 Power and current density of thermocell containing cellulose /0.1 M [Co(bpy)3][NTf2]2/3 in MPN, or 
cellulose/0.4M K3/4Fe(CN)6 in water, compared to series connection. 
 
The investigated series-connect thermocell system in this research was a very preliminary 
work, achieved by connecting together two of the same separate thermocell setups as used 
throughout this thesis. Future work should look at avenues for improving the performance by 
designing arrays specifically for series-connecting multiple cells, and by using smaller cobalt-
based redox couples to improve diffusivity.  
6.4 Conclusions 
1. Using two different cobalt-based redox couples, [Co(bpy)3]Cl2/3 and 
[Co(bpy)3][NTf2]2/3, for the preparation of aqueous and non-aqueous electrolytes 
respectively, a smaller Se was measured in water than in MPN. The observed effect can 
be attributed to the different interactions between the different solvents and the redox 
complex. This effect is studied in chapter 8 in more detail. Furthermore, it was found 
that solidification of the liquid electrolytes causes a small decrease in the magnitude of 
the Se of the iron and cobalt redox couples in the aqueous electrolytes. This was 
attributed to the rearrangement of the hydration shell around the redox ions in water 
being impacted slightly by interaction with the cellulose matrix. 
2. Measurement of the diffusion coefficients showed that Fe(CN)63-/4- ions in water have 
higher diffusivity than [Co(bpy)3]
2+/3+ in either aqueous or non-aqueous electrolytes, 
which resulted in a higher current density in the cyclic voltammograms (CVs). The 
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higher ion diffusivity can be attributed to the smaller size of Fe(CN)6
3-/4- ions compared 
to that of [Co(bpy)3]
2+/3+ ions. 
3. Using the non-aqueous solutions of cobalt-based electrolytes in the thermocell gave a 
higher power density than using [Co(bpy)3]
2+/3+ in water, which was attributed to the 
higher Se of [Co(bpy)3]
2+/3+ in MPN than in water. In addition, using aqueous solutions 
of Fe(CN)6
3-/4- in the thermocell produced higher power density than either the aqueous 
or non-aqueous cobalt-based electrolyte. The higher power density of the iron-based 
electrolyte is probably because of the higher ion diffusivity. 
4. Solidification of the liquid electrolytes – either iron or cobalt-based - negatively affects 
the cell performance, due to the limited convection and mass transfer across the cell. 
The performance of the cell with cellulose/iron-based electrolyte was higher than that 
of a cell containing cellulose/cobalt-based electrolyte. This is again attributed to the 
higher ion diffusivity of the iron species. 
5. Using a cobalt-based electrolyte in combination with an iron-based electrolyte in a 
series-connect thermocell system is a good method to increase the voltage. However, it 
was not possible to increase the power density due to the high series resistance of the 
cobalt-based cell, due to the low diffusivity of the cobalt couple. Using cobalt-based 
redox couples with smaller size could in future improve the ion diffusivity and improve 
the performance of a series-connected thermocell system.  
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 The effect of solvent on the Seebeck coefficient and thermocell performance  
7.1 Introduction 
In chapter 6 (publication 3), the application of water soluble [Co(bpy)3]Cl2/3 redox couple for 
thermal energy harvesting was investigated. Measuring the Seebeck coefficient of 
[Co(bpy)3]Cl2/3 in water and comparison with the Seebeck coefficient of [Co(bpy)3][NTf2]2/3 in 
3-methoxypropionitrile (MPN) revealed a strong dependence of Seebeck coefficient on the 
solvent used. While dissolving [Co(bpy)3][NTf2]2/3 in MPN resulted in a high Se with the value 
of 1.81 mV/K, [Co(bpy)3]Cl2/3 in water had a Se with the value of 1.21 mV/K.  
In prior literature, measurement of the Se of cobalt redox couple in a molecular organic solvent 
(MPN), in an IL ([C2mim][B(CN)4] and in mixed IL/molecular organic solvent, it was found 
that the highest Se is measured using the pure molecular organic solvents.
[1] Recently, it has 
been claimed that a large Seebeck coefficient (-2.9 mV/K) for potassium ferri/ferrocyanide 
redox couple can be achieved through addition of an organic solvent such as methanol or 
DMSO to an aqueous solution of the redox couple.[2] Studying of the interaction of solvent and 
redox ions through FT-IR and UV–Vis spectroscopy analysis, this high reported Seebeck 
coefficient was attributed to increased entropy change of redox couple as a result of 
rearrangement in solvation shell which surrounds Fe(CN)6
4- ion.  
These prior reports demonstrate that the factors affecting the sign and magnitude of Se are not 
well understood. In this chapter, the effect of solvent on the Se was studied in detail using cobalt 
and iron redox couples, which have respectively positive and negative Seebeck coefficients. 
Using [Co(bpy)3][BF4]2/3 redox couple which is soluble in both water and organic solvents, four 
different electrolyte systems containing [Co(bpy)3][BF4]2/3 in water, 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([C2mim][NTf2]), DMSO and MPN 
were prepared to study the effect of solvent on the Seebeck coefficient and performance of the 
thermocell. Then the effect of solvent on the Seebeck coefficient and cell performance was 
further investigated in mixed solvent systems, through addition of organic solvent to aqueous 
electrolytes containing the cobalt or iron redox couple.  
 
 
156 
 
7.2 Results and discussion 
As discussed above, the cobalt redox couple has a large, positive Seebeck coefficient in organic 
solvents. Here, the [Co(bpy)3][BF4]2/3 redox couple was chosen for study as it is soluble in both 
organic solvents and water. Different electrolyte systems of 0.01 M [Co(bpy)3][BF4]2/3 in 
DMSO, MPN, water and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
([C2mim][NTf2]) were prepared to investigate the effect of solvent on electrochemical 
behaviour, Seebeck coefficient of cobalt redox couple and cell performance. The 
[Co(bpy)3][NTf2]2/3 redox couple was also dissolved in organic solvents and IL for further 
study of the effect of solvent on the Seebeck coefficient. Then, the water soluble Fe(CN)6
3-/4- 
redox couple, which has a negative Seebeck coefficient, was investigated in aqueous and mixed 
water/organic solvents to see the effect of addition of organic solvents to water on the Seebeck 
coefficient. 
7.2.1 Electrochemical behaviour, ion diffusivity and Seebeck coefficient of [Co(bpy)3][BF4]2/3 
redox couple in different solvent systems 
Study of the electrochemical behaviour of [Co(bpy)3][BF4]2/3 showed that it has a stable and 
quasi-reversible electrochemical behaviour in different solvent systems (Figure 7.1a). Using 
water as the solvent resulted in a more reversible CV and higher current, while the lowest 
current was observed using IL as the solvent. This observation is consistent with the measured 
diffusion coefficient of the redox ions (Table 7.1). Using [C2mim][NTf2] as solvent resulted in 
a smaller diffusion coefficient for the cobalt redox ions compared to that in DMSO or water 
due to the higher viscosity of the IL-based electrolyte.  
 
 
 
 
 
 
 
 
Figure 7.1 The electrochemical behaviour of 0.01 M of [Co(bpy)3][BF4]2/3 a) in different solvent systems: water 
(—), DMSO (—), ionic liquid ([C2mim][NTf2]) (—) and MPN (—); b) in mixed solvent systems with different 
ratios of water and DMSO, using a platinum electrode as working electrode (scan rate 50 mV/s). 
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Table 7.1 Diffusion coefficient of redox ions in 0.01 M solution of [Co(bpy)3][BF4]2/3 in different solvents at 25 
°C. 
Solvent                      Diffusion coefficient 
                        D× 106  cm2 s-1 
 [Co (bpy)3]2+ 
  
[Co(bpy)3]3+ 
Water 
 
6.58 ± 0.22 
 
10.62 ± 1.12 
 
DMSO 0.67 ± 0.13 
 
1.62 ± 0.26 
 
MPN 0.48 ± 0.06 
 
0.96 ± 0.07 
 
[C2mim][NTf2]  0.17 ± 0.01 
 
0.17 ± 0.02 
 
 
Table 7.2. The effect of solvent and counter ion of redox couple on the Seebeck coefficient in a 0.01 M cobalt-
based electrolyte. 
Redox couple Solvent Seebeck coefficient  
(mV/K) 
[Co(bpy)3][NTf2]2/3 DMSO 2.51 ± 0.02 
[Co(bpy)3][BF4]2/3  DMSO 2.65 ± 0.02 
[Co(bpy)3][NTf2]2/3 MPN 
 
2.05 ± 0.02 
[Co(bpy)3][BF4]2/3 MPN 1.95 ± 0.06 
[Co(bpy)3][NTf2]2/3 [C2mim][NTf2] 1.52 ± 0.03 
[Co(bpy)3][BF4]2/3  
 
[C2mim][NTf2] 1.54 ± 0.01 
[Co(bpy)3][NTf2]2/3 Water -* 
[Co(bpy)3][BF4]2/3 Water 1.22 ± 0.04 
*Not soluble in water 
 
  
 
 
 
 
 
 
 
 
 
Figure 7.2 Seebeck coefficient and diffusion coefficient of [Cobpy)3]2+/3+ ions in mixed solvent (water/ DMSO) 
in different ratios 
158 
 
Table 7.3 Seebeck coefficient, diffusion coefficient and CV peak-to-peak potential separation of [Co(bpy)3]2+/3+ 
ions in DMSO, water, mixed solvent (water/ DMSO) in different ratios.  
Solvent Seebeck 
coefficient  
(mV/K) 
CV peak-to-peak 
potential separation 
(mV) 
 
Diffusion coefficient 
D× 106  (cm2.S-1) 
[Co(bpy)3]2+ [Co(bpy)3]3+ 
Water 1.22 ± 0.04 136 6.58 ± 0. 22 10.62 ± 1.12 
Water : DMSO (3:1) 1.42 ± 0.02 180 3.16 ± 0.16 4.02 ± 0.55 
Water : DMSO (1:1) 1.58 ± 0.03 210 2.19 ± 0.11 2.55 ± 0.21 
Water : DMSO (1:3) 1.81 ± 0.09 218 1.43 ± 0.07 1.72 ± 0.20  
DMSO 2.65 ± 0.02 195 0.67 ± 0.13 1.62 ± 0.26 
 
Using different solvents in the electrolyte preparation revealed a strong dependence of the 
Seebeck coefficient on the solvent (Table 7.2). The highest Se (2.65 mV/K) for 
[Co(bpy)3][BF4]2/3 was measured in DMSO, while replacement of DMSO with water decreased 
the Se to 1.22 mV/K. The measured Se for this redox couple in MPN was also higher than that 
measured in water or IL. Furthermore, dissolving [Co(bpy)3][NTf2]2/3 redox couple in DMSO, 
MPN or IL, showed that replacement of BF4
-
 ion by NTf2
- does not significantly affect the 
Seebeck coefficient of [Co(bpy)3]
2+/3+ redox couple, suggesting that the interaction between 
solvent and cobalt complex is the main factor affecting the Se. 
This result is consistent with the observations in chapter 6 (publication 3), using [Co(bpy)3]Cl2/3 
and [Co(bpy)3][NTf2]2/3. Dissolving cobalt redox couple in two different solvent systems, 
[Co(bpy)3]Cl2/3 in water and [Co(bpy)3][NTf2]2/3 in MPN, a big difference in the Se of cobalt 
redox couple in aqueous and non-aqueous electrolyte systems was observed. 
The Se of transition metal complexes has previously been correlated to charge density of the 
redox ions and solvent acceptor number.[3] Assessing this possible trend for the Co complex 
studied here, considering the difference in acceptor number of DMSO (19.3), [C2mim][NTf2] 
(27.4) and water (54.8),[4] it was observed that dissolving [Co(bpy)3][BF4]2/3 redox couple in 
solvent with larger acceptor number results in a smaller Seebeck coefficient for the cobalt redox 
couple. In addition, [Co(bpy)3]
2+/3+ redox couple in organic solvents has a larger reaction 
entropy than that in water, attributed to the greater change in degree of solvent polarization 
(ordering) in the vicinity of solvated redox ions in non-aqueous solvents.[5]  
 
As the largest change in Se of the cobalt redox couple was observed using water as solvent 
instead of DMSO, in order to further understand this effect and determine any trend with 
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solvent composition, solutions of [Co(bpy)3][BF4]2/3 in mixed solvent systems were prepared 
using different ratios of water and DMSO. Cyclic voltammetry (CV) shows that the peak 
potential separation of [Co(bpy)3][BF4]2/3 is decreased and the size of the current density is 
improved by increasing the ratio of added water to DMSO (Figure 7.1b, Table 7.3). In addition, 
the higher the ratio of water added, the higher the ion diffusivity, which is consistent with the 
observed increase in current density in the CVs. This is attributed to higher viscosity of DMSO 
than water, which decreases after addition of water and improves the mass transfer. However, 
addition of water to the DMSO has an opposite effect on the Se (Figure 7.2, Table 7.3), where 
the higher ratio of DMSO gave a higher Seebeck coefficient.  
7.2.2  Performance of thermocell containing [Co(bpy)3][BF4]2/3 redox couple in different 
solvent systems  
The performance of the thermocell containing 0.01 M [Co(bpy)3][BF4]2/3 redox couple in 
different solvents (MPN, DMSO, water and IL) was tested using a thermocell with the 
electrode separation of 1 cm, while the temperatures of the hot and cold electrodes were 60 and 
20 °C, respectively (Figure 7.4). 
 
Figure 7.3 a) Power density and b) current density of thermocell containing 0.01 M [Co(bpy)3][BF4]2/3 in different 
solvents: water (—), DMSO (—), [C2mim][NTf2] (—) and MPN (—) (T cold= 20 
°C, T hot= 60 °C). 
 
The DMSO- based electrolyte gave higher power density than the three other electrolytes 
(Figure 7.3 a), while the aqueous electrolyte had better current density, resulting from higher 
ion diffusivity in the aqueous electrolyte (Figure 7.4 b). The higher power output of the cell 
with DMSO-based electrolyte can be attributed to the higher Seebeck coefficient of the cobalt 
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redox couple in DMSO compared to that in other solvents. While the Se of [Co(bpy)3][BF4]2/3 
in IL is higher than that in water, the power output of the cell with IL-based electrolyte is much 
lower than that of the aqueous electrolyte, due to the high mass transfer resistance arising from 
the viscosity of the IL-based electrolyte.[1]  
In spite of the observed improvement in ion diffusivity in mixed water/DMSO solvent systems 
with increasing the ratio of added water (Figure 7.2), the performance of the thermocell with 
the mixed solvents did not show the same behaviour. The power produced by thermocells with 
mixed electrolyte systems unexpectedly was less than the two individual solvent systems 
(DMSO or water). They did not benefit from a combined advantage of high Se in DMSO and 
high ion diffusivity in the aqueous system (Figure7.4).  
Figure 7.4 a) Power and b) current output of the cell containing 0.01M of [Co(bpy)3][BF4]2/3 in mixed solvent 
(water/ DMSO) in different solvent ratios, and c) the effect of the ratio of water on maximum power density of 
cell (Tcold = 20 °C, Thot = 60 °C). 
It can be concluded that the improvement in mass transfer after addition of water was not 
sufficiently to effectively compensate for the observed decrease in Se. The highest power 
density of 10 mW/m2 was produced using DMSO as solvent. Addition of 25 and 50 % of water 
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led to a sharp decrease in the power density of cell, attributed to decreasing the Se of redox 
couple after addition of water (Table 7.3). By increasing the ratio of water from 50 to 75%, the 
power density was increased from 3.7 to 5.1 mW/m2, due to the enhancement of ion diffusivity 
with increasing the ratio of water (Figure 7.4 and 7.2). 
7.2.3 Study of the effect of solvent on the Seebeck coefficient of Fe(CN)63-/4- redox couple 
To understand more about the effect of solvent on the Se, the Fe(CN)6
3-/4- redox couple with a 
negative Se (between -1.43 and -1.77 mV/K depending on the concentration of redox couple), 
was chosen for study.[6] Solutions of K3/4Fe(CN)6
 with the concentration of 0.01 M in water or 
in mixtures of water and some organic solvents (DMSO, MPN, isopropanol and ethylene 
glycol) with the volume ratio of 3:1 V/V were prepared. Since K3/4Fe(CN)6
 redox couple is not 
soluble in organic solvents, it was not possible to prepare a solution in pure organic solvents, 
or in mixed solvent (water/organic solvent) with high ratios of organic solvent.  
Unlike the cobalt redox couple, the largest Se for the Fe(CN)6
3-/4- redox couple was measured 
in water, and addition of organic solvents to water resulted in a smaller Se (Table 7.3). Addition 
of ethylene glycol to water did not significantly affect the Seebeck coefficient, which might be 
attributed to the similar solvent properties of ethylene glycol and water because of presence of 
hydroxyl groups with hydrogen bonding capability. 
 
Table 7.3 The effect of addition of different organic solvents to water on the Seebeck coefficient of 0.01 M 
Fe(CN)63-/4-  redox couple 
solvent Redox couple 
(0.01 M) 
 
Seebeck coefficient  
(mV/K) 
Water K3/4Fe(CN)6  -1.68 ± 0.02 
Ethylene glycol : Water (1:3) K3/4Fe(CN)6 -1.64 ± 0.01 
Isopropanol: Water (1:3) K3/4Fe(CN)6 -1.42 ± 0.02 
DMSO : Water (1:3) K3/4Fe(CN)6 -1.31 ± 0.01 
MPN : Water (1:3) K3/4Fe(CN)6 -1.22 ± 0.01 
Water (Et4N)3/(NH4)4Fe(CN)6 -1.68 ± 0.03 
DMSO : Water (1:3) (Et4N)3/(NH4)4Fe(CN)6 -1.32 ± 0.02 
DMSO : Water (1:1) (Et4N)3/(NH4)4Fe(CN)6 -1.00 ± 0.01 
 
Since the solubility of K3/4Fe(CN)6 in organic solvents is limited, it was not possible to increase 
the ratio of organic solvents in mixed solvent systems. Replacement of K+ ions with Et4N+ and 
NH4+ can give an opportunity to increase the ratio of added organic solvents for further 
investigation of solvent effect on the Se of Fe(CN)6
3-/4- redox couple. Thus, the 
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(Et4N)3/(NH4)4Fe(CN)6 redox couple was used to prepare 0.01 M electrolytes in water, and in 
mixed water/DMSO with the ratios of 3:1 and 1:1. It was observed that the higher the ratio of 
DMSO added, the smaller the Se measured in the mixed solvent systems (Table 7.3).  
Unlike reported increase in the Se of 0.4 M K3/4Fe(CN)6
 using a mixed solvent system 
containing 80 wt% water and 20 wt% of an organic solvent such as methanol, ethanol and 
DMSO,[2] addition of organic solvents to the aqueous solution of either K3/4Fe(CN)6
 or 
(Et4N)3/(NH4)4Fe(CN)6 redox couple in our research resulted in smaller Se. Due to the 
solubility problems (formation of a precipitate), attempts to prepare a homogenous 0.4 M 
K3/4Fe(CN)6 in mixed solvent system (water/20 wt% methanol or DMSO) was unsuccessful in 
our research. It is therefore proposed that the previously-reported increase in Se in these mixed 
solvent systems can be at least partially attributed to the presence of a precipitate.[2] 
Using [Co(bpy)3]
2+/3+ and Fe(CN)6
3-/4- redox couple in different solvent systems, surprisingly 
it was concluded that direction of change in Se upon addition of organic solvent to water is the 
same as the sign of the redox couple: addition of organic solvent to aqueous solution of 
[Co(bpy)3]
2+/3+ increases the Se, while in the case of Fe(CN)6
3-/4- it results in a smaller Se. In 
other words, considering the sign of the Seebeck coefficient of [Co(bpy)3][BF4]2/3 and 
K3/4Fe(CN)6
 redox couples, which respectively are positive and negative, and the observed 
changes in the Seebeck coefficient after mixing water and organic solvents, it can be concluded 
that addition of water makes the Seebeck coefficient more negative, while addition of organic 
solvent makes it more positive. 
 
 
 
 
7.2.4 UV-vis and IR study of redox couples in different solvents 
The results discussed above showed that the Seebeck coefficient of redox couples is strongly 
dependent on the solvent. Since the Seebeck coefficient is affected by the solvation shell around 
the redox ions,[3b, 5, 7] spectroscopy techniques were proposed as a useful way to study the 
interactions between the redox ions and solvent and help understand this effect on Se.  
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Solutions of 0.1 M K3Fe(CN)6 in water and mixed solvents were prepared. K4Fe(CN)6 has 
lower solubility than K3Fe(CN)6 in mixed solvent system (water/DMSO or water/isopropanol). 
Therefore, only 0.1 M solutions of K4Fe(CN)6 in pure water, mixed water/MPN and mixed 
water/ethylene glycol were studied by FT-IR (Figure 7.5). Solutions of 0.1 M [Co(bpy)3][BF4]2 
or [Co(bpy)3][BF4]3 in DMSO and in mixed solvents were prepared to study by FT-IR. Due to 
the solubility constraints, 0.05 M solutions of [Co(bpy)3][BF4]2 or [Co(bpy)3][BF4]3 complexes 
were prepared in water (Figure 7.6). 
Figure 7.5 FT-IR absorbtion of of 0.1 M solution of a) K3Fe(CN)6 and b)K4Fe(CN)6 in different solvents; c) 
relationship between Seebeck coefficient of K3/4Fe(CN)6 redox couple and CN peak position of K3Fe(CN)6 in 
water and mixed water/organic solvents (3:1 V/V) 
The effect of solvent was investigated by looking at the peaks at 2115 and 2037 cm−1 in the 
FT-IR spectra, attributed to the CN ligands in K3Fe(CN)6 and K4Fe(CN)6, respectively.
[8] 
Spectra of K3Fe(CN)6 solutions in water or mixed solvents showed that addition of MPN or 
DMSO causes a small change in the CN group’s peak position (Figure 7.5 a), revealing a small 
change in solvation shell. Hydrogen bonding between water and CN groups in aqueous 
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solutions leads to a red shift in CN peak compared to without or less hydrogen bonding, and 
addition of non-protic solvents such as DMSO to the aqueous solution affects the interaction 
between water and CN groups and decreases the strength of hydrogen bonding.[9] Addition of 
protic solvents (ethylene glycol and isopropanol) causes less change in the CN peaks in 
K3Fe(CN)6 compared to the effect of adding aprotic solvents, due to the presence of hydroxyl 
groups with hydrogen bonding capability. It was concluded that hydrogen bonding between 
protic solvents, specially water, and the CN groups increases the reaction entropy which overall 
results in a more negative Seebeck coefficient (Figure 7.5 c).  
Using K4Fe(CN)6 solutions in water and mixed solvent systems, a change in CN groups peak 
position was observed after addition both protic (isopropanol) and non-protic (MPN) solvent 
(Figure 7.5 b). This can be attributed to lower solubility of K4Fe(CN)6 in water compared to 
K3Fe(CN)6, which causes a greater sensitivity toward solvent polarity compared with 
K3Fe(CN)6. Addition of other solvents - either protic or non-protic - to water changes the 
polarity of solvent and affects the solvation shell around the CN groups in K4Fe(CN)6, leading 
to a red shift in FT-IR through decreasing the hydrogen bonding between CN groups and the 
solvent shell.  
In tris-2, 2'-bipyridine complexes, the peaks in the FT-IR spectra due to the pyridyl rings were 
considered to investigate the effect of solvent system. The stretching vibrations and in-plane 
bending peaks of pyridyl rings in Co(bpy)3 are reported at ∼1600–1400 cm−1 and ∼1020 cm−1, 
respectively.[10] However, the FT-IR spectra of [Co(bpy)3][BF4]2 and [Co(bpy)3][BF4]3 in 
different solvent systems does not show characteristic peaks of pyridyl rings, due to the 
overlapping with solvent peaks (Figure 7.6).  
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Figure 7.6 FT-IR spectra of solutions of a) [Co(bpy)3][BF4]2 and b) [Co(bpy)3][BF4]3 in DMSO or mixed solvent 
(0.1 M) and in water (0.05 M). 
 
Stretching and bending modes of water are observed as broad peaks at 3500 and 1600 cm−1, 
respectively.[11] In DMSO solution, peaks related to DMSO are observed at 2900 cm−1 
(Asymmetric C-H stretch), 2800 cm−1 (symmetric C-H stretch), 1400 cm−1 (CH3),1300 cm
−1 
(CH3), 1200 cm
−1 (S-O stretch), 1000 cm−1 (CH3) and 750 cm
−1 (S-C stretch).[12] 
Due to the overlapping of characteristic peaks of pyridyl rings with solvent peaks, the effect of 
solvent in the FT-IR spectra could not be determine for the cobalt redox couple. 
To study the absorbance spectra using Ultraviolet–Visible (UV–Vis) spectroscopy, 0.1 mM 
solutions of [Co(bpy)3][BF4]2 or [Co(bpy)3][BF4]3 were prepared in pure organic solvent 
(DMSO), water or mixed water/organic solvents. 1 mM solutions of K3Fe(CN)6 or K4Fe(CN)6 
were prepared in pure water or mixed with organic solvents.  
UV–Vis spectroscopy study of solutions of [Co(bpy)3][BF4]2 and [Co(bpy)3][BF4]3 in water, 
DMSO and mixed solvents showed that the absorption peaks in the 200-250 nm range have a 
strong dependence on solvent. Using organic solvents led to a red shift and a decrease in the 
intensity of absorbance at this range (Figure 7.7). The observed change can be attributed to the 
change in interaction between the solvent and bpy ligands which affects the intra-ligand π−π* 
absorption in Co(bpy)3. Using solution of Co(bpy)3Cl2 in water, intra-ligand π−π* absorption 
is reported at 305, 295 and 243 nm, and for solution of Co(bpy)3Cl3 in water is observed at 319 
and 307 nm.[13]  
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Figure 7.7 UV-Vis spectra of a) 0.1 mM [Co(bpy)3][BF4]3  and b) [Co(bpy)3][BF4]2 in different solvents; and c) 
the effect of solvent on the λmax for 0.1 mM [Co(bpy)3][BF4]3  and [Co(bpy)3][BF4]2. 
 
For solution of K3Fe(CN)6 and K4Fe(CN)6 in water, absorption in the 200-230 nm range is 
reported as metal to ligand charge transfer (MLCT), and other absorptions at 258- 400 nm 
range are attributed to ligand to metal charge transfer (LMCT) and d-d transitions.[14] Based on 
the UV–Vis results (Figure 7.8), addition of DMSO or MPN to aqueous solutions of K3Fe(CN)6 
or K4Fe(CN)6 causes a red shift and decrease in intensity of the metal to ligand charge transfer 
(MLCT). Unlike aprotic solvents (MPN and DMSO), addition of ethylene glycol or 
isopropanol did not dramatically decrease the absorption at this range. This can be attributed 
to the solvation effect of protic solvents (water, ethylene glycol and isopropanol) on both 
Fe(CN)6
3-/4- ions through hydrogen bonding between solvents and the CN groups, affecting the 
metal to ligand charge transfer (MLCT), while addition of a non-protic solvent (MPN or 
DMSO) that is not able to strongly hydrogen bond with CN groups, decreases the intensity of 
absorbance of the MLCT. This is consistent with prior reports that the metal to ligand charge 
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transfer (MLCT) in Fe(CN)6 complexes moves to a shorter wavelength (blue shift) when CN 
groups are involved in hydrogen bonding.[15]  
Figure 7.8 UV-vis spectra of 1 mM a) K3Fe(CN)6 and b) K4Fe(CN)6 in different solvents. 
 
This observation was cross-checked using different ratios of DMSO and water to dissolve 
K3Fe(CN)6 and K4Fe(CN)6 (Figure 7.9).  
 
Figure 7.9 UV-vis spectra of: a) 1 mM K4Fe(CN)6 and b) 1 mM K3Fe(CN)6, using mixed water/DMSO as solvent 
in different ratios. 
 
In the case of K4Fe(CN)6 solution (Figure 7.9a), addition of even a small portion of DMSO 
results in a large decrease in the MLCT peak. Increasing the ratio of DMSO in the K3Fe(CN)6 
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solution (Figure 7.9b) leads to a decrease in absorption and a clear red shift in the MLCT. The 
observed changes in UV-Vis results show that the addition of organic solvents to water has 
affected the solvation shell around the redox ions by decreasing the strength of hydrogen 
bonding between water and redox ions, which also affects the Seebeck coefficient. 
7.2.5 EIS study of redox couples in different solvents 
As discussed above, different trends in the Seebeck coefficient of [Co(bpy)3][BF4]2/3 and 
K3/4Fe(CN)6
 redox couples were observed upon addition of organic solvents to water. With 
respect to possible reasons for this, using mixtures of organic solvents and water as solvent, it 
has been previously reported that the redox potential of the Fe(CN)6
3-/4- redox couple is 
dependent on the solvent system due to the dielectric constant and coordination properties of 
the solvent that influence the ionization or dissociation of the redox components and the ionic 
conductivity of the solution.[16] Furthermore, the K3/4Fe(CN)6
 redox couple is highly soluble in 
water, while the [Co(bpy)3][BF4]2/3 is more soluble in organic solvents. This suggests that 
differences in the solubility of redox couples in water might affect the extent of dissociation of 
the redox couples and finally changes the Seebeck coefficient in opposite ways. Here, this 
hypothesis of an influence on Se from the extent of ion pairing in the different solvents was 
tested by measuring the conductivity of 0.01 M solutions of [Co(bpy)3][BF4]2/3, K3/4Fe(CN)6
 
and (Et
4
N)
3
/(NH4)
4
Fe(CN)
6
 in the different solvent systems and at different temperatures (20- 
60 °C). The Nyquist plots for the three different electrolyte systems at different temperatures 
at 20 and 60 °C are presented in Figures 7.10- 7.12.  
Figure 7.10 Nyquist plots of 0.01 M solution of [Co(bpy)3][BF4]2/3 at a) 20 °C and b) 60 °C in different solvents. 
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Figure 7.11 Nyquist plots of 0.01 M solution of K3/4Fe(CN)6 at a) 20 °C and b) 60 °C in different solvents. 
 
 
Figure 7.12 Nyquist plots of 0.01 M solution of (Et4N)3/(NH4)3Fe(CN)6 at a) 20 °C and b) 60 °C in different 
solvents. 
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The first semicircle at high frequency represents the solution resistance while the second one 
(mid frequency) consists of charge transfer resistance at the electrode.[17] This assignment was 
confirmed by applying a DC bias, as shown below.  
Applying a bias voltage affects the kinetic parameters such as charge transfer in EIS, through 
affecting the reaction rate, while the RSolution is independent of applied voltage.
[17-18] The first 
touchdown (RSolution) of the Nyquist plot was used to calculate the ionic conductivity. 
Performing EIS at different bias voltages (0.1 and 0.2 V) confirmed the first touchdown as 
RSolution (Figure 7.13). 
 
Figure 7.13 Nyquist plots of 0.01 M solution of a) [Co(bpy)3][BF4]2/3, b) K3/4Fe(CN)6 and c) 
(Et4N)3/(NH4)3Fe(CN)6 in H2O/DMSO (3:1), at different bias voltages at 20 °C. 
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Taking the first touchdown as solution resistance, the molar ionic conductivity of the solutions 
was measured and is presented in Figure 7.14. The results show that regardless of the kind of 
dissolved redox couple, the highest conductivity was measured using water as solvent. 
Surprisingly the high ionic conductivity of aqueous solutions is consistent with the effect of 
water on the Seebeck coefficient. The higher ratio of water is used, the higher ionic 
conductivity and either more negative or less positive Seebeck coefficient is measured (Figure 
7.15). 
Figure 7.14 Molar conductivity of a) [Co(bpy)3][BF4]2/3, b) K3/4Fe(CN)6 and c) (Et4N)3/(NH4)3Fe(CN)6 in different 
solvent systems. 
 
The higher ionic conductivity in water can be attributed to the high dielectric constant of water 
which increases the ion dissociation and ion conductivity in the electrolyte.[19] However, it 
should be noted that there are parameters such as mobility of ions,[20] size of the ions,[21] and 
solution viscosity [21] that also play role in ion conductivity of an electrolyte, not just the extent 
of ion pairing. Thus, it was concluded that both ionic conductivity and Seebeck coefficient are 
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being affected by different parameters, and more investigation is needed to understand the way 
that solvent affects the Seebeck coefficient. 
 
Figure 7.15 Seebeck coefficient and molar conductivity of a) Co(bpy)3][BF4]2/3 and b) (Et4N)3/(NH4)3Fe(CN)6 in 
mixed solvent (water/ DMSO) in different ratios. 
 
7.3 Conclusions 
1- The choice of solvent affects the performance of thermocells by affecting the Seebeck 
coefficient and mass transfer of the redox couple. Although a large Seebeck 
coefficient is desirable to achieve a high voltage and power output, a high mass 
transport is also needed for high power. Dissolving cobalt redox couples in water and 
organic solvents revealed that the solvent can affect the Seebeck coefficient and ion 
diffusivity in opposite directions. Thus, in spite of the lower diffusion coefficient of 
cobalt ions in organic solvents than in water, a higher power was produced using 
organic solvents due to the higher Seebeck coefficient.  
2- Depending on the nature of the redox couple and the sign of the Seebeck coefficient, 
aqueous and non-aqueous solvents affect the Seebeck coefficient in different ways. 
While organic solvents are more desirable to get a larger and positive Seebeck 
coefficient for cobalt-based redox couples, the largest Seebeck coefficient for 
Fe(CN)6
3-/4- redox couple - which has a negative Seebeck coefficient - was measured 
in water. The reason of the different impact of solvents on the sign and the magnitude 
of Seebeck coefficient, might be the difference in charge density of Fe(CN)6
3-/4- and 
[Co(bpy)3]
2+/3+ redox couples (and whether this increases or decreases upon reduction 
or oxidation) that affects the interaction between solvents and redox ions. 
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3- The factors affecting the Seebeck coefficient are not well understood. This work 
confirms that the interaction between the solvent and redox ions strongly affects the 
Seebeck coefficient of the redox couple. The FT-IR and UV–Vis results show that 
aqueous and non-aqueous solvents can have different strengths of interaction with 
the ligands in a redox complex. Hydrogen bonding between protic solvents and 
Fe(CN)6
3-/4- redox ions is an important factor affecting the Seebeck coefficient of 
Fe(CN)6
3-/4- redox couple, through changing in the solvation shell around the redox 
ion and increasing the redox reaction entropy. Furthermore, EIS results show that the 
highest ionic conductivity is measured when using water to dissolve either iron or 
cobalt-based redox coupe, and either the more negative or less positive Seebeck 
coefficient was measured in water. 
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8 Conclusions and future work 
8.1 Conclusions  
The aim of this research was to develop quasi-solid state electrolytes for thermal energy 
harvesting using a thermocell. To achieve this, and prepare a leak-free electrolyte, 
nanoparticles and polymers were used as gelation agents for the solidification of liquid 
electrolytes containing redox couples. The resulting solid electrolytes were used to study the 
effect of gelation and solidification on the Seebeck coefficient, diffusion coefficient and cell 
performance. Furthermore, in this thesis, the effect of solvent on the Seebeck coefficient and 
cell performance of different redox couples was investigated.  
The main conclusions from the different avenues of research are as follows: 
1. Solidification of liquid electrolytes through the addition of nanoparticles or PVDF and 
PVDF-HFP polymers does not significantly affect the Seebeck coefficient of the redox 
couple. The Seebeck coefficient of redox couples K3/4Fe(CN)6 and [Co(bpy)3][NTf2]2/3 
in the quasi-solid state electrolytes was as high as that in the liquid electrolytes. The 
Seebeck coefficient of Fe(CN)6
3-/4- did not show any significant change after using 
different kinds of nanoparticles (TiO2, ZnO and Al2O3) for solidification of the aqueous 
electrolyte. In addition, using different sizes (5 and 40 nm) of TiO2 for the solidification 
of the aqueous electrolyte showed that the size of the nanoparticles does not affect the 
Seebeck coefficient. Similarly, in publications 1 and 2, it was shown that addition of 
PVDF or PVDF-HFP to a solution of [Co(bpy)3][NTf2]2/3 in different solvents does not 
cause any significant change in the Seebeck coefficient of the cobalt redox couple. 
These observations indicate that the interaction of the solvent and the redox couple is 
the main factor affecting the Seebeck coefficient, and that this is so strong that is not 
significantly affected by the addition of a gelation agent. 
2. It was found that unlike nanoparticles, PVDF and PVDF-HFP polymers, using cellulose 
for solidification of the aqueous liquid electrolytes (publication 3) leads to a small 
decrease in the magnitude of the Se of the iron and cobalt redox couples. This effect 
was attributed to the rearrangement of the hydration shell around the iron and cobalt 
redox ions in water which are impacted slightly by interaction with the cellulose matrix 
used for solidification. 
3. Achieving sufficient mass transport in the thermocell is important for good cell 
performance. The diffusivity of the redox ions in the liquid and solid electrolytes was 
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measured and this showed that solidification of the electrolytes using either 
nanoparticles or polymers decreased the diffusivity by 10-30%. Considering the 
temperature gradient across the cell, convection in the liquid electrolytes is another 
mechanism of mass transport in the thermocell. It was found that solidification of the 
electrolytes limits the convection in the thermocell and leads to a decrease in the mass 
transport of the redox couple through the electrolyte. This was supported by studies 
using a membrane in a liquid cell, which likewise decreased mass transport by 
convection and thus power output.  
4. The decrease in cell performance observed for the quasi-solid state electrolytes reported 
in publications 1, 2 and 3 was concluded to be due to mass transport limitations. It was 
suggested that increasing the concentration of the redox couple and decreasing the 
electrode separation can increase the availability of redox ions and improve the 
performance of thermocells with solid electrolytes. Using different concentrations of 
cobalt redox couple in the electrolytes showed that increasing the concentration can 
improve the cell performance. However, since increasing the concentration of the redox 
couple also decreases the Seebeck coefficient and diffusivity of redox ions, there is an 
optimum concentration to get the highest power output in liquid and gel electrolytes, 
which was identified as 0.1 M [Co(bpy)3][NTf2]2/3 for the MPN electrolyte. Unlike 
cobalt-based electrolyte, increasing the concentration of K3/4Fe(CN)6
 redox couple in 
the iron-based electrolyte resulted in a higher power output. The observed difference in 
the effect of concentration on performance of the cells with different redox couples can 
be attributed to the diffusivity of the ions. While increasing the concentration of cobalt 
redox couple from 0.05 to 0.25 M decreased the diffusivity of the cobalt couple by 70%, 
increasing the concentration of iron redox couple from 0.05 to 0.4 M led to a 50% 
decrease in the diffusivity of the iron couple. 
5. Due to the higher thermal conductivity of the nanoparticle-based electrolytes compared 
to the liquid electrolytes, arising from the high thermal conductivity of the 
nanoparticles, a smaller electrode separation negatively affected the cell performance 
of the nanoparticle-based electrolytes. Decreasing the electrode separation in the 
thermocell with highly thermally conductive nanoparticle-based electrolytes leads to a 
smaller temperature gradient across the cell, which decreases the voltage. Unlike the 
nanoparticle-based electrolytes, in the case of the polymer-based electrolytes 
decreasing the electrode separation improved the cell performance, and the smaller the 
electrode separation used, the higher the power output. This was attributed to the low 
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thermal conductivity of the polymer-based electrolytes, and the limited convection in 
the solid electrolytes which limits the thermal conductivity across the cell and gives the 
opportunity to decrease the electrode separation while still maintaining the temperature 
gradient.  
6. Although the gelation of MPN-based electrolytes through the addition of PVDF or 
PVDF-HFP is a good method to address the leakage problems in a liquid electrolyte 
and increase the safety of the thermocell device (publication 1), the volatility and 
flammability of MPN are still problems that could limit the application of the 
thermocell at higher temperatures. In publication 2, the use of ionic liquids as the 
solvent and then solidification of the IL-based electrolyte was suggested as a method to 
overcome the leakage and volatility of electrolytes. It was shown that addition of PVDF 
or PVDF-HFP to IL-based electrolytes ([Co(bpy)3][NTf2]2/3 in [C2mim][NTf2]) is a 
promising method to prepare a flexible and leak-free electrolyte. Addition of PVDF-
HFP to the liquid electrolytes resulted in a thin film electrolyte with a better 
stretchability and flexibility compared to the PVDF-based film electrolyte.  
7. The diffusivity of the cobalt complex in IL-based electrolyte was less than in the MPN-
based electrolyte, which was attributed to the higher viscosity of [C2mim][NTf2] 
compared to MPN. In addition, the cobalt redox couple in MPN had a higher Seebeck 
coefficient than in [C2mim][NTf2]. Therefore, in order to get benefits from the higher 
Seebeck coefficient and mass transfer in MPN, a mixture of MPN and [C2mim][NTf2] 
with a ratio of 3:1 was used to dissolve the cobalt redox couple, and then was solidified 
using PVDF. This resulted in an electrolyte with higher Seebeck coefficient and mass 
transport than the IL-based electrolyte. The gel prepared by this method had a higher 
melting point than MPN-based gel electrolyte and can therefore be used in a thermocell 
operating at a higher temperature. 
8. To develop a more environmentally friendly and safer thermocell device, the use of an 
aqueous electrolyte containing a cobalt redox was investigated in publication 3. 
Dissolving [Co(bpy)3]Cl2/3 in water resulted in an electrolyte with a higher diffusivity 
for the cobalt complex than that measured in MPN. On the other hand, the Seebeck 
coefficient of the cobalt redox couple in water was 1.2 mV/K, which is less than that of 
[Co(bpy)3][NTf2]2/3 in MPN (2.6 mV/K), revealing that the solvent has a big effect on 
the Seebeck coefficient. Using cellulose membranes for the solidification of these 
aqueous and non-aqueous electrolytes containing the cobalt redox couple, and then 
using them in the thermocell, it was found that the MPN-based electrolyte either in 
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liquid or solid form produces higher power output than the aqueous electrolytes, due to 
the higher Seebeck coefficient.   
9. To further investigate the observed decrease in the Seebeck coefficient of the cobalt 
redox couple in water compared to MPN, the effect of the solvent on the Seebeck 
coefficient was studied by dissolving [Co(bpy)3][BF4]2/3 and K3/4[Fe(CN)6] redox 
couples in different solvent systems. It was found that the way that the solvent affects 
the Seebeck coefficient is strongly dependent on the nature of the redox couple and the 
sign of the Seebeck coefficient. The highest Seebeck coefficient for [Co(bpy)3][BF4]2/3 
was measured in organic solvents (DMSO, MPN),  while using water or mixtures of 
water and DMSO resulted in a smaller Seebeck coefficient.  On the other hand, the 
largest Seebeck coefficient for Fe(CN)6
3-/4- redox couple - which has a negative Seebeck 
coefficient - was measured in water, and addition of organic solvents to the water 
resulted in a smaller Seebeck coefficient. FT-IR analysis indicates that solvent affects 
the Seebeck coefficient of the redox couple, through hydrogen bonding. It is concluded 
thet hydrogen bonding ligands (CN groups) and protic solvents (water) increases the 
reaction entropy and finally results in a more negative Seebeck coefficient for the 
Fe(CN)6
3-/4- redox couple. The solvation effect of protic solvents (water, ethylene glycol 
and isopropanol) through hydrogen bonding with Fe(CN)6
3-/4- ions was verified by UV-
Vis analysis. The UV-Vis analysis showed that the metal to ligand charge transfer 
(MLCT) in Fe(CN)6
3-/4- ions, and the intra-ligand π−π* in [Co(bpy)3]2+/3+ ions, are 
affected by the interaction between the solvent and ligands, which also affects the 
Seebeck coefficient. 
8.2 Future work  
Finally, it was concluded that although the solidification of liquid electrolytes is a good method 
to overcome the leakage problem in the liquid thermocells, it negatively affects the cell 
performance by limiting the convection across the cell. Therefore, improvement of the mass 
transport in solid electrolytes needs to be considered in the future development of a solid 
electrolyte for thermal energy harvesting.  
For the future work, parameters such as gelation agent, redox couple and solvent should be 
investigated to develop a solid electrolyte with higher mass tranfer, as discussed below: 
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1. Considering the importance of mass transport through convection in liquid electrolytes, 
improvement of mass transfer in solid electrolytes needs to be investigated. There are 
different factors that can be considered for the mass transfer improvement:  
a)  Development of a porous material for the solidification of liquid electrolytes can 
improve the mass transport and overcome the leakage problem in the thermocell 
device. Using aligned nanopores polymers for solidification of liquid electrolytes 
could be investigated for development of a leak-free electrolytes with good 
mechanical properties and mass transfer.  For example, cellulose-based membranes 
with aligned nanopores are good candidate for solidification of both aqueous and 
non-aqueous electrolytes. In addition, decreasing the amount of gelation agent 
needed for the solidification of the liquids can improve the mass transfer in gel 
electrolytes. Use of different kinds of polymers for gelation of liquid electrolytes 
needs to be investigated to find a good gelation agent. Application of ionic polymers 
such as poly(diallyldimethylammonium bis(trifluoromethanesulfonyl)imide) 
(Poly(DADMA)(TFSI) for gelation of organic solvents and IL-based electrolytes 
might be of interest. Furthermore, addition of small percentage of nanoparticles (ca 
5wt% of TiO2 or Al2O3) to polymer-based electrolytes can improve the ionic 
conductivity of solid electrolytes. 
b) The redox couple is the main component in thermocell, and design, synthesis and 
use of new redox couples should be considered. Considering the effect of mass 
transfer in the cell performance, use of a redox couple with a small size can increase 
the diffusivity of the redox ions in the solid electrolyte, and as a result improve the 
performance of the cell. Cobalt-based redox couples are of interest for thermal 
energy harvesting due to their large Seebeck coefficient. Therefore, designing 
smaller cobalt-based redox couples using smaller ligands can improve the mass 
transport of cobalt-based redox couple in solid electrolytes. In addition, considering 
the higher mass transfer of cobalt complexes in water than in organic solvents 
(MPN, DMSO), synthesis of cobalt-based redox couples with the high solubility in 
water is of interest to get the benefit of the higher mass transfer in water.  
2. Choosing a fluid and non-volatile solvent, in which the redox ions have a high ion 
diffusivity, and can be solidified using the minimum amount of a gelation agent, should 
be considered in the future research to develop a solid electrolyte. Therefore, the 
application of lower viscosity ILs as solvents in the preparation of electrolytes could 
improve the mass transfer in solid electrolytes. ILs based on the triethyl(methoxy-
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methyl)phosphonium cation ([P2 2 2 (101)]
+) or 1-butyl-3-methylimidazolium cation 
([C4mim]
+), with the anions such as bis(trifluoromethanesulfonyl)imide  ([FSI]-), 
bis(trifluoromethylsulfonyl)amide ([NTf2]
-), acetate ([OAc]-), dicyanamide ([DCA]-) 
and triflate ([OTf]-) have low viscosity compared to [C2mim][NTf2]  used in this thesis, 
and are good candidates for electrolyte preparation.  
3. Considering the observed effect of solvent on the Seebeck coefficient, a fundamental 
investigation to understand the way that solvent affects the Seebeck coefficient is 
needed. Understanding the parameters affecting the Seebeck coefficient is essential and 
useful to develop an electrolyte with high Seebeck coefficient. Computational studies 
and NMR techniques can be helpful to understand the effect of solvent on the Seebeck 
coefficient.  
4. Finally, designing redox couples with large Seebeck coefficients and opposite signs 
(positive and negative) is of interest in thermocell research to produce a high voltage. 
Using redox couples with negative and positive Seebeck coefficients for the preparation 
of solid electrolytes gives an opportunity to design series connected quasi-solid state 
thermocells into higher voltage output arrays.  
 
